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Abstract 
Graphene-based materials (GBMs) have found utility in a broad range of 
applications, including reinforcement of nanocomposites. With the introduction of 
GBMs, nanocomposites gain a microstructure that affects their physical properties. 
Microstructural characteristics of nanocomposites reinforced with GBMs and their 
influence on effective mechanical properties of such composites were studied in this 
thesis. The main focus of this study was on nanocomposites with sodium alginate 
(SA) matrix and graphene oxide (GO) fillers. The state of exfoliation of the fillers 
was found to influence effective elastic moduli of the studied nanocomposites more 
than the orientation distribution of the fillers does. Microscale spatial distribution of 
GO fillers was found not to have any influence on the modulus. 
For a more accurate assessment of microstructures, the effect of manufacturing 
methods of GBMs and GBM-reinforced nanocomposites on their morphology and 
microstructure was reviewed. Geometrical features of GBM flakes, their effect on 
structure of a matrix and affinity between the matrix and the reinforcements were 
analysed. 
Nanoscale structural features of the GO/SA nanocomposites were assessed with 
transmission electron microscopy (TEM). Based on TEM findings and data 
presented in the literature, the effect of morphological features of GO on the 
effective Young’s moduli of the nanocomposites was analysed mainly by means of 
 iii 
micromechanical models. The Young’s moduli were found to change significantly 
with the exfoliation state of the nanoflakes. 
Orientation distributions of nanoflakes were obtained from TEM images of the 
nanocomposites. Based on the distributions, representative volume elements (RVEs) 
of the nanocomposites were created. Finite-element (FE) models of RVEs were 
developed and used to study the effect of orientation on the Young’s moduli of the 
nanocomposites. Numerical simulations of tensile tests with the FE models showed 
that orientation of the GO flakes affected the moduli, although it was less significant 
than the effect of the exfoliation state. 
The microscale spatial dispersion of the GO flakes was analysed with a newly 
developed method that incorporates optical microscopy. The method was suggested 
to obtain a three-dimensional microstructure of translucent composites. Microscale 
structures of the studied nanocomposites, with non-uniform dispersion of GO flakes, 
were created with this method in the FE environment. Numerical simulations with 
the FE models of the structures were performed to analyse the effect of spatial non-
uniformity of nanoflakes on effective mechanical properties of the nanocomposites. 
It was found that the microscale non-uniformity in distribution of GO flakes did not 
affect the Young’s moduli of the nanocomposites. 
Keywords: Graphene-based materials; Nanocomposites; Elastic properties; 
Transmission electron microscopy; Optical microscopy; Microstructure; Finite-
element modelling, Micromechanical modelling 
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CHAPTER I 
1. Introduction 
Graphene is the name given to single-atom-thick sheets of sp2-bonded carbon atoms. 
The isolation of graphene from graphite using the simple Scotch tape method [1] has 
brought many changes to the world of science. Experiments conducted on graphene 
have revealed that it has many physical properties that are superior to all other 
known materials. Graphene’s unique electronic [2], chemical [3], optical [4] , 
thermal [5], and mechanical properties [6] have attracted immense interest from the 
scientific community over the last decade. Studies on graphene have brought many 
varieties of graphene into the scene. Various derivatives of graphene, referred to as 
graphene-based materials (GBMs), have emerged over time. The term GBM covers 
two-dimensional materials with single or multi-layers of pristine and chemically 
modified graphene [7]. 
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One of the major ways of harnessing the outstanding properties of GBMs is to 
incorporate them into bulk materials [8], such as polymers, ceramics, and metals. 
The resulting material belongs to a class of materials referred to as GBM-
nanocomposites, which generally exhibit new and/or enhanced physical properties 
compared to the neat matrix. These properties may include any or all of the 
following: superior electrical and thermal conductance, gas permeability and 
mechanical strength, depending on the type of GBM and matrix. 
GBMs are dispersed more easily and cheaply in polymer matrices, compared to 
metallic and ceramic matrices. This is mainly due to the lower processing 
temperatures required in manufacturing polymer-based nanocomposites. Therefore, 
the majority of research in literature deals with polymer-matrix GBM-
nanocomposites. 
The quality and aspect ratio of GBMs, the compatibility of GBMs with the host 
matrix, and the dispersion of GBMs in the host matrix are major factors for 
achieving high performance nanocomposites. These factors can be controlled via 
different manufacturing techniques [9]. The work in this thesis focuses on the 
analysis of morphology and dispersion of GBMs in polymer matrices. It aims to 
discover and present the relationship between microstructure and mechanical 
properties of GBM-nanocomposites at nano- and micro-scales. It reveals effects of 
morphological states, orientations, and spatial distributions of GBMs on effective 
Young’s modulus of their nanocomposites. A novel microstructural characterisation 
method is developed in this thesis to be able to carry out spatial distribution analysis 
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of GBM nanoflakes. The findings and methods developed in this thesis will 
contribute to the optimisation of the manufacturing methods of GBM-reinforced 
nanocomposites with improved mechanical performance. 
1.1. Motivation 
Graphene outperforms many other nano-reinforcements in terms of boosting the 
mechanical performance of nanocomposites [10,11]. The main reasons behind these 
phenomena are graphene’s strong carbon-carbon covalent bonds and an inherently 
very large surface-to-volume ratio. Compared to other types of nanoparticles, 
graphene platelets can have a much larger surface area [12], which plays a key role 
in load transfer. 
Before a synthesis method of pristine graphene in bulk quantities was discovered 
[13], its other forms, especially GO, have been intensely used for manufacturing of 
graphene-based nanocomposites. As a result, many advances have been made in the 
manufacturing of GO-reinforced nanocomposites. Thanks to its compatibility with 
polymers, GO is still widely researched and manufactured for reinforcing polymer 
nanocomposites. The type of polymer is also an important matter to consider for 
compatibility with oxidized graphene. Ionita et al. [14] analysed SA-based GO 
nanocomposites (GO/SA) and found good compatibility between functional groups 
of GO and SA. GO/SA nanocomposites are the main focus of material in this 
research. 
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Commercial applications of GBM-nanocomposites are currently in their infancy due 
to the high costs and difficulties associated with current manufacturing methods. 
Therefore, the GBM-nanocomposite market has not reached a critical size yet. 
However, the size of investments made by large foundations and companies on 
GBM research to explore its applications on industrial scales is gradually increasing 
[15]. GBM-nanocomposites have potential applications in the automotive, 
biomedical and aerospace industries [16-22]. For this reason, it is expected that 
GBM-nanocomposites will represent a considerable size in the composites market of 
the future. 
Researchers in academia and industry have been addressing the challenges in the 
development of efficient GBM-nanocomposites since the emergence of 
nanocomposites reinforced with graphene oxide. Among these challenges are: the 
lack of knowledge for effective property enhancement, the absence of numerical 
models to simulate the mechanical behaviour of the nanocomposites, and crucially, 
the shortage of mass production methods for expanding the graphene market [23]. 
Effective property enhancement is strongly related to the microstructure of the 
nanocomposite [24]. Therefore, microstructural characterisation of GBM-
nanocomposites is essential for the development of GBM-nanocomposites. 
Microstructural characterisation studies could be supported by numerical modelling 
techniques to reveal and understand the microstructural and mechanical property 
relationship of these materials. 
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Some useful tools and methods exist that could be used for the characterisation of 
GBM-nanocomposites microstructures. Transmission Electron Microscopy (TEM) is 
one of the most useful of these tools, allowing direct observation of the 
microstructure. Studies involving TEM images of GBM-nanocomposites can be 
found frequently in literature [25-27]. However, there is no study that directly uses 
images of GBM-nanocomposites, obtained neither from TEM nor from another 
technique, to build numerical models which could simulate true mechanical 
behaviour of the materials. Numerical simulations of the mechanical behaviour of 
GBM-nanocomposites were reported to be successful using the Finite Element 
Method (FEM) [28]. Therefore, FEM could be employed as a numerical tool to 
simulate the mechanical behaviour of GBM-nanocomposites based on parameters 
obtained from microstructural images taken with TEM. 
Such features could be analysed through transmitted –light optical microscopy if the 
composites are translucent. Light transmittance properties of GBMs could be 
implemented into microscale structural analysis studies. Qualitative analysis of the 
micrographs obtained from transmitted-light optical microscopy could be carried out 
using FEM. 
1.2. Aim and Objectives 
The nano-scale sizes and extraordinary mechanical properties of GBMs bring 
advanced mechanical properties with unique microstructures to the matrix it is 
incorporated into. The aim of this thesis is to analyse the effect of microstructural 
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features on the stiffness of GO/SA nanocomposites. In addition to the findings of 
this thesis, new techniques developed and implemented for the microstructural 
analysis of the nanocomposites will be a novel contribution to GBM-reinforced 
nanocomposite research. The aims of the work will be achieved through the 
following major objectives: 
I. To obtain mechanical properties of SA matrix and GO/SA nanocomposites 
through quasi-static tensile tests 
II. To visualise nanoscale structure of the nanocomposites and to analyse the 
structural features 
III. To modify micromechanical models for the nanocomposites based on their 
nanoscale structural features and reveal the parameters that make the 
consideration of these features important 
IV. To study the effect of orientation distribution of GO flakes on stiffness of the 
nanocomposites 
V. To analyse light transmittance of GBMs in nanocomposites with UV-visible 
spectrophotometers and to develop an alternative light transmittance analysis 
technique which uses digital cameras 
VI. To link light transmittance properties of GBMs to their volume fraction in 
nanocomposites and to obtain the local volume fraction of GBMs from pixel 
values in digital images of the nanocomposites 
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VII. To obtain microstructures of GO/SA nanocomposites through optical 
characterisation and the method suggested for establishing the link between 
the transmittance and volume fractions 
VIII. To analyse spatial non-uniformity of GO flake dispersion seen on the 
microstructures 
IX. To investigate the effect of the non-uniform dispersions on the stiffness of 
the nanocomposites through FE simulations. 
1.3. Methodology 
This thesis project is divided into two main research domains: nanoscale structural 
analysis and microscale structural analysis. The former covers morphological 
properties and orientation distribution of the nanoflakes; the latter focuses on the 
spatial dispersion of the nanoflakes. Extensive experimental and numerical work 
have been implemented in both domains of the project. 
The characterisation of nanoscale structures of nanocomposites was carried out 
mainly through TEM. X-ray diffractometry (XRD) analysis of the nanocomposites, 
which is presented in literature, and atomic force microscopy (AFM) analysis on the 
nanoflakes were used as supplementary approaches for the validation of micrographs 
taken with TEM. The geometry and morphology of the nanoflakes were quantified 
from these tools. Uniaxial tensile tests with quasi-static loading conditions were 
performed on the nanocomposite and the pure matrix samples. The stiffness of the 
nanocomposites was predicted using micromechanical models and compared to 
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experimental results. The mechanical properties of the nanoflakes, which were taken 
from literature, were implemented in the models, and the models were modified to 
account for the morphological features of the nanoflakes. The effects of variation of 
some morphological parameters on the prediction of the stiffness were investigated 
through the adjusted models. 
The orientation distribution of GO flakes was obtained by processing TEM images 
of the nanocomposites with Nonwovens Anisotropy V1 software. The orientation 
distribution data was statistically analysed and representative volume elements 
(RVEs) of the nanocomposites were created based on the statistical analysis results. 
Finite-element models of the RVEs were created in MSC Marc® FE software to 
simulate a uniaxial tensile test. The stiffness of the nanocomposites was calculated 
from the simulation results. The significance of the orientation distribution was 
analysed by comparing the stiffness values to those obtained from the adjusted 
micromechanical models. 
The optical properties of GBMs in the nanocomposites were first analysed with UV-
visible spectrophotometers. Alternative methods that use digital cameras for optical 
characterisation of the materials were developed. An in-house image processing 
script (APVal) was developed for analysing digital images of the nanocomposites. 
Optical microscopy was used for microscale structural analysis of the 
nanocomposites. A new method has been suggested for the use of optical 
microscopy in the construction of microstructures of translucent composites. Scripts 
(ImResize and PiCo) were developed for fast implementation of this method. 
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Microstructures were analysed using the finite-element method and statistical 
approaches. Finite-element models of the microstructures were created in MSC 
Marc® software using an in-house script named FEOM, which implements some 
steps of the suggested method. The effects of microscale structural features on the 
stiffness of the nanocomposites were assessed from the results of the finite-element 
models. The results were compared to experimental values and to the results of the 
studies that take different microstructural features into account. 
1.4. Outline 
Motivation, aims, methodology, and a literature review for the research presented in 
the research chapters are given in their introduction section.  
Nomenclature, evolution, and application areas of the GBMs and GBM-reinforced 
nanocomposites are presented in Chapter II. The effect of manufacturing methods of 
the materials on their morphology and microstructure is also reviewed for a more 
accurate analysis of the microstructures.  
Chapter III presents the results of a study on the effect of morphology of graphene 
oxide flakes on the effective stiffness of nanocomposites based on a combination of 
microstructural analysis, mechanical tests and numerical simulations. It demonstrates 
the importance of accounting for the intercalation phenomenon in micromechanical 
models of GBM-reinforced nanocomposites. 
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Figure  1-1 Research methodology and layout of the thesis 
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 Chapter IV deals with the analysis of orientation distribution of GO flakes in 
nanocomposites and studies its effect on the elastic modulus of the nanocomposites 
through finite-element simulations of tensile tests. 
Novel methods developed for optical characterisation of GBM-reinforced 
nanocomposites are presented in Chapter V, alongside evidence for a link between 
the optical properties and volume fractions of GBMs in nanocomposites. 
Characterisation of microscale spatial dispersion of GO flakes is provided in Chapter 
VI. A new method developed for the microstructural characterisation is also 
presented. Finite-element models are created based on these microstructures and the 
elastic modulus of the nanocomposites is obtained from the analysis of these models 
and compared to the experimental results. 
A conclusion of the work done in this thesis is given in Chapter VII and the major 
outcomes and plans for future work are discussed. 
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CHAPTER II 
2. Introduction to GBM-Nanocomposites 
This chapter provides fundamental information on materials that are relevant to this 
thesis work. Nomenclature used for naming the materials in this thesis is presented 
to avoid any terminology-related confusion, which happens often in literature due to 
relatively recent emergence of the materials. A brief history of the development of 
graphene-based materials (GBMs) and their nanocomposites is given. Although the 
main interest of this study is related to structural applications, some other types of 
current and potential applications of the materials are presented. Methods for 
synthesising GBMs and manufacturing GBM-nanocomposites are reviewed in this 
chapter in order to show the effects of these methods on morphology and 
microstructure which determine the mechanical performance of the materials. 
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2.1. Nomenclature of Graphene-Based Materials 
Being a relatively new material, the terms used to describe graphene-based materials 
(GBMs) in scientific literature can be inconsistent and therefore confusing. Aiming 
to resolve this confusion, some papers that deal specifically with nomenclature on 
GBMs are referenced in this study. Editorial board of CARBON journal published a 
paper on this matter, which proposes terms for graphene-based materials [7]. In 
conjunction with this paper, Wick et al. suggested a nomenclature model that 
classifies GBMs according to their number of layers, average lateral size and 
Carbon/Oxygen atomic ratio [29]. The terms used to classify GBMs from these two 
works are summarised as follows: 
Graphene: source-isolated, single atomic layer of sp2-bonded carbon atoms packed 
like a honeycomb lattice. Few-layer graphene (FLG): 2 to 5 stacked graphene layers. 
Multi-layer graphene (MLG): 2 to 10 stacked graphene layers. Graphite nanoplates: 
graphite nanosheets; graphite nanoflakes; ultrathin graphite; which can all be 
abbreviated as GNP, are stacked graphene layers having a thickness of less than 100 
nm. Graphene oxide (GO): graphene with oxygen-containing functional groups on 
its basal plane. Reduced graphene oxide (rGO): graphene oxide with reduced oxygen 
content via thermal or chemical methods. 
2.2. Evolution of GBMs and GBM-Nanocomposites 
For centuries humans have naturally sought to obtain new useful materials simply by 
mixing readily available materials by hand. Combining mud and straw is one of the 
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oldest known examples of such discoveries, enabling people to build shelters and 
other structures. The newly obtained materials often exhibit properties which do not 
exist in the constituent materials themselves. This is a simple definition for 
composite materials. Naturally occurring composites like wood, bone, leather etc. 
have already been a part of our history since the beginning of civilisation. Man-made 
composites have also gradually become essential to our societies. Concrete, 
chipboard, plywood, wire-reinforced glass, fibreglass, are some of today’s most 
common everyday composites in our life. Although not as widespread in our daily 
life, Kevlar® and carbon-fibre are examples of composites that rely on more 
advanced understanding and technology.  
Developments in nanotechnology provide opportunities for material scientists to 
study, manipulate and manufacture significantly smaller scale particles of high 
performance materials, which provide larger surface contact area that is key for 
transferring the capabilities of the additive material to the matrix more efficiently. As 
one of the most widely known earliest examples to develop nano-sized materials, 
micro-sized silicon carbide (SiC) particles were combined with a silicon nitride 
(Si3N4) matrix [30]. This was further improved using new production methods to 
create a composite using nano-sized SiCs [31]. 
With the discovery of carbon nanomaterials like Buckminsterfullerene (C60), 
affectionately named ‘Buckyball’ due to its spherical atomic arrangement [32], and 
carbon nanotubes (CNTs) [33], idea of benefitting from their inherent strong C-C 
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covalent bonds and nano sizes let scientist to use such materials as reinforcement in 
macro-sized materials. 
Single crystals within graphite were first discovered in 1914 by Ewald using X-ray 
diffraction [34]. Very thin layers of reduced graphite oxide were obtained by Boehm 
et al. in 1962 [35]. Although many theoretical and experimental studies had been 
conducted on thin crystals of graphite and their derivatives throughout the decades, it 
was not until 2004 that perfect crystals of graphene were isolated from multi-layers 
of pure graphite, by Novoselov et al. [1]. The discovery attracted great attention 
from the scientific community in a very short time [36]. Studies that aim to produce 
graphene in bulk quantities have brought many different types of graphene-based 
materials into the scene [37]. Graphene and all its derivatives are named under a 
single term, graphene-based materials (GBMs) [29]. As well as being a promising 
material to use standalone [38], GBMs are ideal fillers for polymers [39], metals [40], 
and ceramics [41]. 
2.3. Application Fields of GBMs 
Many outstanding physical properties of graphene and its derivatives make them 
candidates to replace many 20th century materials. The journey of graphene in 
science and engineering, which started with a curiosity of some researchers about 
electronic properties of single layers within graphite [1], has expanded almost 
without limits (see some of the applications in Figure  2-1). Although the subject 
materials in this research is nanocomposites reinforced with Graphene for 
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mechanical purposes, non-mechanical applications of Graphene have been 
mentioned briefly in the following paragraphs to give an insight to the reader about 
potential of graphene. 
With its high charge mobility of ~250000 cm2/Vs [42], graphene has great potential 
to enhance today’s electronic devices. Compared to those obtained with silicon, 
ultra-high speed transistors can be obtained with graphene [1,43]. Graphene only 
absorbs 2.3% of visible light making it appear transparent. By combining the 
flexibility, transparency, and conductivity of graphene, bendable touchscreens can be 
manufactured [44]. 
Graphene has been getting a foothold in the energy industry. Due to its high charge 
mobility and two-dimensional structure, graphene can be used to improve the 
capacity of lithium-ion batteries. Compared to batteries using graphite anodes, 
graphene based batteries exhibit higher capacity and good charge-discharge 
performance [45]. Graphene can also be used as electrodes in solar cells improving 
their conversion efficiency [46]. 
It was reported that GBMs can be used in detection of gas molecules [3,47]. They 
were also shown to be impermeable to gasses [48]. Therefore, large-scale barrier 
membranes can be obtained with inclusion of GBMs into polymers [49]. Although 
some types of GBMs are impermeable, they can be engineered to have selective gas 
diffusion characteristics [50]. They also show potential for use in water desalination 
and purification processes [51]. 
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The thermal conductivity of graphene was measured to be around 5300 W/mK, 
which is significantly more than that of carbon nanotubes and diamond [5]. When 
graphene was added with a low percentage to matrix materials like epoxy, a 
substantial enhancement in the thermal conductivity of the matrices was obtained 
[52]. 
Besides its thermal, optical, electrical, energy, and barrier/filtration properties, 
graphene has exceptional mechanical properties such as an extremely high Young’s 
modulus and peak ultimate strength [6]. Due to its outstanding mechanical features, 
 
Figure  2-1 Some examples to application fields of graphene-based materials. 
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graphene has been used as a reinforcement material in nanocomposites [39]. A range 
of tennis rackets manufactured by HEAD Company are manufactured using of 
GBM-nanocomposites, and serves as a good example of commercial utilisation of 
nanocomposites. Furthermore, the European Union Graphene Project awarded a 
grant to Airbus for using nanocomposites in aerospace applications. 
2.4. Synthesis of GBMs 
Numerous synthesis methods exist for GBMs (see Figure  2-2 for high-yield 
methods). Each method yields GBMs with different characteristics. These 
characteristics have indispensable effects on the properties of nanocomposites 
obtained with inclusion of GBMs. Understanding the synthesis methods helps to 
understand the effects on nanostructure, microstructure, reinforcement, etc. 
Therefore, different synthesis procedures of GBMs are reviewed and presented with 
an emphasis on methods that yield high volumes of materials to use in 
nanocomposite manufacturing. 
Manufacturability, high strength and aspect ratio, dispersibility in matrix, and 
compatibility with matrix are some of the major factors when choosing the synthesis 
method. This survey aims to document various GBM synthesis methods and to 
present their advantages and disadvantages, geometries, qualities, dispersibility and 
compatibility with different matrix materials. 
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Figure  2-2 Different high-yield methods with their advantages (+) and disadvantages (-) for 
synthesis of graphene-based materials. 
Different types of GBMs may result in nanocomposites with different 
microstructures [53]. Knowing the filler type and the synthesis method performed for 
the filler would help to analyse the microstructure of the nanocomposite. Lateral size 
and thickness of GBMs vary with the synthesis method applied [54]. Quality, 
compatibility with host matrix, dimensions, advantages and disadvantages are 
explained for each main method. The synthesis techniques reviewed here are 
classified based on starting material. There are three main classes of starting 
materials for large scale synthesis of GBMs: pristine graphite, non-covalently 
modified graphite, and covalently modified graphite. 
2.4.1. Exfoliation of pristine graphite 
Defect-free, chemically intact, single-, few- and/or multi-layer graphene sheets can 
be exfoliated in mass quantities directly from pristine graphite, using a method called 
liquid-phase exfoliation. This method is basically stirring, sonication, ball milling or 
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dissolution of powdered graphite particles in a range of liquids to obtain GNPs of 
single-, few- and/or multi-layers [55,56]. The liquids used can be organic solvents, 
aqueous solutions, and ionic liquids [57,58]. 
Liquid-phase mechanical exfoliation of graphite was first demonstrated by two 
different groups of scientists [13,59] using organic solvents. The processes they used 
involved the sonication of graphite in the solvents followed by centrifugation. The 
centrifugation was performed to separate thick flakes from thin flakes of MLGs or 
FLGs. The final product obtained contains defect-free basal plane and large lateral 
size-to-thickness ratio. However, the cost, handling safety considerations, and high 
boiling points of organic solvents used in these processes are significant 
disadvantages. Yield efficiency of MLGs or FLGs by these solvents is low compared 
to those by aqueous solutions and ionic liquids that are discussed below.  
As a resolution to some of the drawbacks encountered with organic solvents, 
aqueous solutions of surfactants were adapted to exfoliate graphite into MLGs 
[60,61]. This process yields relatively higher concentrations of MLGs compared to 
those obtained with the organic solvents. It also uses safer solutions and does not 
require high-temperature processes. 
Dissolution of graphite in super acids is another liquid phase exfoliation method, 
which employs chlorosulfonic acid as the solvent [62]. The method yields very high 
concentrations of good quality, mostly single-layer graphenes. But, the use of a 
hazardous acid in the process and difficulty of its removal is a severe limitation. 
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Another type of liquid used for exfoliation of graphite is ionic liquids [63,64]. It was 
reported that this method could yield very high concentrations of MLGs with 
micrometre-long lateral sizes and few-layers. It should be noted that the ionic liquids 
used in the processes are expensive and dangerous. 
Electrochemical exfoliation of graphite in ionic liquids can also produce GNPs, but 
with functional groups on their surfaces [65]. It is an environmentally friendly and 
industrially applicable method. The nanoflakes obtained have got less oxygen 
content compared to even rGO [66]. The method yields GNPs with very large aspect 
ratios of lateral size-to-thickness. Although the functional groups may need to be 
cleared off the sheets in some cases, they may be useful in manufacturing epoxy-
based nanocomposites [67]. 
In general, liquid-phase exfoliation of graphite is a method that can be used with 
many solvent options depending on the needs. It provides almost defect-free GNPs 
with reasonably large out of plane aspect ratios. Lateral size and thickness of GNPs 
can be controlled by changing the centrifugation rate applied [68,69]. GNPs obtained 
via liquid phase exfoliation from graphite was found to be a good reinforcement 
material in elastomers [70] and in thermoplastics [71]. Covalent or non-covalent 
functionalization of GNPs improves their dispersion in different host matrices and 
leads to stronger interfacial interactions [72]. 
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2.4.2. Exfoliation of non-covalently modified graphite 
Graphite layers can be intercalated non-covalently with a variety of atomic and 
molecular species [73]. Intercalation of the species increases the distance between 
the stacked layers of graphite, making the layer separation process easier during 
chemical, thermal or mechanical expansion/exfoliation treatments. A compound that 
is composed of graphite stacks intercalated by chemical species with non-covalent 
interaction is referred to as a graphite intercalation compound (GIC). Intercalation 
species are mostly preferred to be alkali metals, if graphite nanoplates (GNPs) are to 
be manufactured from GICs [37]. 
GICs are typically produced by heating graphite powder together with an alkali 
metal in a vacuum.  Obtained GICs can be reacted with solvents like alcohols to 
yield GNPs [74]. GICs can also be expanded with thermal treatments to give 
expanded graphite (EG) [75]. Techniques such as ball-milling, heat treatment, 
microwave radiation, or ultrasonication can be used to obtain GNPs from EG with 
fewer graphene layers [76]. 
This method requires extreme care as it involves use of alkali metals. As the 
intercalating species, the intercalants, non-covalently interact with graphite layers, 
nearly defect-free layers are produced [77]. The thickness of GNPs obtained from 
GICs is usually larger than 5 nm [78,79]. Ribbon-like GNPs can be produced with 
sonication of GIC-sourced expanded graphite in the presence of a suitable polymer 
[80]. GBMs produced from GICs are cheaper than those produced from oxidised 
graphite [81]. 
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2.4.3. Exfoliation of covalently modified graphite 
Graphite can be covalently modified via oxidation or fluorination. Graphite oxide is 
obtained through oxidation of graphite powders in the presence of strong acids and 
oxidants. Hummers (the most popular one), Brodie and Staudenmaier are three main 
methods that can be used to produce graphite oxide. The oxidation process yields 
graphite oxide flakes with a diameter of around 10 µm, regardless of initial graphite 
flake lateral dimensions [82]. Graphite fluoride is obtained by fluorination of 
graphite powder with fluorine gas at high temperatures. 
Oxidation of graphite leads to formation of hydroxyl (C-OH) and epoxide (C-O-C) 
groups on the surface, and carboxyl (C-OOH) and carbonyl (C=O) groups on the 
edges of graphitic planes [83]. Thanks to these functional groups, graphite oxide can 
be exfoliated in an aqueous environment with the aid of sonication to yield single 
layers of graphene oxide (GO) [84]. The use of GO as a filler in polymers may 
require their dispersion in organic solvents. This can be done either directly [85], or 
after covalent functionalization [86]. 
Graphite oxide can also be exfoliated by rapid thermal treatment without using any 
solvent [87]. The exfoliation and reduction of the functional groups take place 
simultaneously in this treatment. Molar Carbon/Oxygen ratio (C/O) increases from 
~2/1 to ~10/1 after the treatment. The product obtained is usually referred to as 
thermally exfoliated GO (TEGO), thermally reduced GO (TRGO) or functionalised 
graphene sheets (FGS). TEGO is mostly single layers with a few hundred 
nanometres of lateral dimension and has got a heavily wrinkled morphology [87]. 
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Under mechanical loadings, the wrinkled morphology of TEGO serves as an 
interlocking mechanism when interacting with polymer chains in nanocomposites 
[88]. However, another study attributes the poor reinforcement effect of TEGO in 
polymers to its wrinkled morphology [89]. 
As well as creating functional groups, oxidation causes the formation of structural 
defects on the basal plane of graphene. The thickness of the sheets increases from 
0.335 nm, (which is the distance between atomic layers of graphite and therefore the 
thickness of pristine graphene [34]), to around 1 nm due to the oxidation on the 
surface [90,91]. The specific surface area of single layer sheets decreases from 
~2630 m2/g to ~332 m2/g [92]. The Young’s modulus of GO is lower than that of 
pristine graphene due to the structural defects and the increased thickness of the 
sheets [93]. 
Reduction processes can be applied to GO to restore its structure towards that of 
defect-free graphene. The reduction can be performed with chemical [94] and/or 
thermal methods (also called thermal annealing) [95]. Some structural restoration 
takes place, however, it never fully restores the original graphene form [94,96]. This 
is mainly due to vacancy defects that remain on the plane while most of the 
functional groups can be removed during the reduction. Therefore, the reduction 
process does not significantly improve mechanical properties of GO in contrast to 
the high level of improvements in electrical properties [97]. Nonetheless, a decrease 
in GO thickness due to the removal of functional groups [98] leads to an increase in 
the overall stiffness of reduced GO (rGO) compared to GO. Reduction level is 
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usually  expressed as the ratio of carbon-to-oxygen (C/O) and this can be controlled 
by varying reduction time [99], amount of reducing agent [100], and temperature 
[101]. The specific surface area of rGO varies with different reduction methods 
[102]. One disadvantage of the reduction process is that it may lead to agglomeration 
of the platelets [94]. 
GO can be functionalised by various types of molecules to enhance its compatibility 
with different host polymers [71]. The functionalization can be covalent or non-
covalent, and it may lead to significant improvements in stress transfer through the 
interfaces [71]. If the polymer matrix, which is to be reinforced by GO, is not water-
soluble, the functionalization of GO is essential [103]. 
Graphene fluoride (GF) is synthesised by exfoliating graphite fluoride in a solvent 
and then chemically reducing in a reducing agent [104]. GF was shown to have 
potential to be used as a robust, transparent hydrophobic coating [105]. However, it 
has not yet been reported in literature whether or not it can be used as reinforcement 
substance in matrices. 
2.5. Manufacture of GBM-Nanocomposites 
Microstructure of GBM-nanocomposites is directly related to the manufacturing 
method applied. Likewise, the manufacturing methods have a direct effect on 
performance of the nanocomposites [106]. Therefore, having an overview on the 
processing of GBM-nanocomposites helps understand the mechanical behaviour of 
these materials.  
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As of January 2016, the keywords graphene "metal matrix" nanocomposite yield 
1990 results when entered in Google Scholar, (the web search engine of scholarly 
literature). Similarly, only 1790 results are returned for graphene "ceramic matrix" 
nanocomposite. However, when the key words graphene "polymer matrix" 
nanocomposite are searched for, over 17,700 results are returned. This suggests that 
majority of graphene-nanocomposite research is focused on polymer-matrix variants. 
There are several reasons of why GBMs are mostly used with polymers to make 
nanocomposites. It is much more difficult to insert and disperse carbon-nanoparticles 
in metals than in polymers due to poor wetting of carbon-based materials by molten 
metal and the large density difference between the two phases. Furthermore, high 
temperature processing of metals can damage some types of GBMs [10]. Similar to 
 
Figure  2-3 Different methods with their advantages (+) and disadvantages (-) for 
manufacture of GBM-reinforced nanocomposites. 
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metal-matrix nanocomposites (MMNCs), ceramic-matrix nanocomposites (CMNCs) 
are challenging to reinforce with GBMs due to the degradation of GBMs in high 
temperature processes and the difficulties of dispersing them homogeneously within 
the matrix [107]. The application of GBMs in polymer-matrix nanocomposites 
(PMNCs) is easier and cheaper thanks to low processing temperatures, similar 
densities, and very high dispersibility of the platelets. Therefore, PMCs are preferred 
to reinforce with GBMs.  
Enhancement of physical properties of polymers with incorporation of GBMs has 
been reported in literature for various types of polymers, GBMs, and manufacturing 
methods. The manufacturing process may lead to changes in the structure of the 
materials. The methods used have a marked effect on microstructure of 
nanocomposites [25]. They also greatly influence morphology of the fillers. 
Dispersion of GBMs in polymer nanocomposites is classified into three major states: 
stacked, intercalated and exfoliated [78] (see Figure  2-4). The degree of affinity 
between GBM and polymer in the nanocomposite can affect morphology of the 
nanoflakes [108]. Crystallinity of polymers can be influenced by incorporation of 
GBMs [78], however this effect was reported to be weaker with regards to 
reinforcement level [71]. The microstructural and morphological effects are argued 
in detail within the context. Solution mixing, melt blending and in-situ 
polymerisation are the three main manufacturing methods for GBM-polymer 
nanocomposites. Each method has its advantages and disadvantages. 
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Figure  2-4 Three main morphologies of GBM nanoflakes when dispersed in polymer 
matrices: (a) stacked; (b) intercalated; (c) exfoliated. 
2.5.1. Solution mixing method 
Solution mixing is a widely employed method to manufacture GBM-polymer 
nanocomposites in the research environment. It provides better dispersion than the 
melt blending technique [25]. The method can be applied for many ranges of GBM 
nanoflakes, including single-layer graphene, multi-layer graphene, GO, chemically 
modified GO, thermally reduced GO (TrGO), and chemically reduced GO (CrGO) 
[9]. In this method, GMBs are first dispersed in a solvent with aid of sonication. The 
GBM dispersion is then dissolved in a polymer solution, followed by removal of the 
solvent. 
Aqueous solutions of hydrophilic polymers, such as PVA [109], PEO [110], and 
others, can be easily mixed with aqueous dispersions of GO under ultrasonication 
which yields a well dispersed solution. If GO is to be incorporated into hydrophobic 
polymers, such as PS[8], PMMA [111], and PU [112], etc. then it is chemically 
modified with reagents which allow it to disperse in an aprotic solvent [86]. The 
hydrophobic polymer is then dissolved in the aprotic solvent in which the chemically 
modified GO was dispersed. Again, this process should be performed under 
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ultrasonication for improved dispersion of the GO nanoflakes. A solution mixing 
method can also be used to incorporate CrGO [113] and  TrGO [114] into polymers. 
Dispersion of defect-free graphene sheets, such as single-layer graphene, FLG, 
MLG, GNP, and non-covalent functionalised graphene into polymer matrices can be 
successfully performed via a solution mixing method. Using this method, Hernandez 
et al. [85] manufactured semi-transparent, conducting polymer nanocomposites with 
high concentrations of pristine graphene. Likewise, Han et al. [13] produced 
elastomer nanocomposites reinforced with defect-free FLGs and observed an overall 
enhancement of mechanical performance. 
The method of solution mixing maintains the exfoliated state of GNPs inside the 
matrix, even when the concentration of the fillers is high [13]. When the solution is 
cast on a flat plane to obtain films of nanocomposites, the platelets usually align with 
the plane of the film [14,115]. It is possible to obtain nanocomposites with covalent 
bonding between GBMs and polymers using the solution mixing method [116]. It 
should be noted that extended ultrasonication time in the process may cause 
occurrence of structural defects in GBMs, which consequently affect nanocomposite 
performance [77]. Solvent evaporation time should be controlled to avoid 
agglomeration of the fillers during the process [51]. 
2.5.2. Melt mixing method 
Molten polymer and GBM particles can be mixed mechanically without the use of 
any solvent. This method is advantageous for several reasons. Firstly, it can easily be 
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applied in industry as it requires equipment and materials which are currently 
available. Secondly, it is more environmentally friendly as no solvent is required 
during the process. Finally, it is an inexpensive method. However, the main 
disadvantage is that it cannot produce GBM dispersions as good as solution mixing 
and in-situ polymerisation techniques can. Also, the efficiency of reinforcement can 
sometimes be relatively low and the variety of GBMs that could be used in this 
method is limited [39]. 
Dispersion of the nanoflakes is mostly random, as opposed to preferential alignment 
obtained from the solution mixing method. However, further processes which cause 
elongation in certain directions, like hot pressing, may lead to better alignment of the 
nanoflakes in melt mixing processes [25]. Conformation of the nanoflakes is 
regularly distorted, broken [117], and reaggregated [25]. The high temperature of the 
process may lead to slight degradation of the nanoflake surface modifications and 
polymer [118]. 
2.5.3. In-situ polymerisation method 
In this method, neat monomer or a monomer solution is blended with GBMs 
followed by polymerisation of the mixture. The GBM sheets are encapsulated by the 
resulting polymer. This method provides homogeneous dispersion of the platelets as 
well as yielding nanocomposites with strong covalent bonding between the phases. 
Non-covalent bonded nanocomposites can also be obtained using this method [77]. 
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Networks of strong cross-links can be formed but with weaker interchain hydrogen 
bonding within polymer matrices [25]. If GO is exposed to reduction in-situ, 
polymer degradation may arise [76]. Such degradations are blamed for the inferior 
physical properties obtained from in-situ polymerisation compared to the solution 
mixing method [25]. High electrical energy consumption in the process is a 
drawback of this method [119]. Due to the lack of an interconnecting network within 
the fillers, microstructures formed in this process may be disadvantageous for 
electrical applications of the nanocomposite, but advantageous for mechanical 
applications [120]. It is possible to control the morphology of nanocomposites with 
in-situ polymerisation methods [121]. 
2.6. Summary 
Terminology, evolution stage and application fields of GBMs have been presented to 
introduce the reader to the material. Manufacturing methods of GBMs and GBM-
reinforced nanocomposites were reviewed to show the effects of the applied methods 
on the morphological and microstructural features of the materials obtained. The 
methods were classified and presented in a way so that unfamiliar readers may gain 
an overall idea about the materials. The information presented in this chapter will 
help in the microstructural characterisation and modelling studies that are conducted 
in pursuit of the objectives of this thesis. 
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CHAPTER III 
3. Nanoscale Structural Study of GBM-
Reinforced Nanocomposites  
Being nano-sized, graphene-based materials (GBMs) introduce nanoscale structural 
features into matrices they are mixed with, and these features have an influence on 
enhanced properties of resulting nanocomposites. A morphological state of GBM 
flakes is one of these features. Studies showed that graphene-oxide (GO) flakes can 
be found either as fully exfoliated or intercalated in polymer-based nanocomposites. 
While traditional parameters are commonly taken into consideration in theoretical 
assessment of properties of composites by means of micromechanical models, the 
morphological state is often ignored. As well as monitoring nanoscale microstructure 
of the nanocomposites, this chapter aims to investigate the effect of morphological 
state of GO flakes on stiffness of nanocomposites with widely used micromechanical 
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models, e.g., rule of mixtures, Hui-Shia and Halpin-Tsai. Pure sodium alginate (SA) 
and nanocomposites on its basis reinforced with 1.0 and 2.5 wt% GO were used in 
the study. Parameters required for modelling were quantified with nanoscale 
microstructural characterisation. Micromechanical models were adapted to account 
for the morphological state of intercalation observed in the characterisation study. 
Tensile experiments were employed to assess the adopted models, and the effect of 
matrix stiffness, GO thickness, spacing of intercalates as well as the Poisson’s ratio 
and stiffness of inter-flake polymer layers was studied. 
3.1. Introduction 
In order to optimise performance of nanocomposites, various fractions of GBM 
nanocomposites are usually employed. While numerical tools, such as molecular 
dynamics [122] and finite-element simulations [28], can be preferred for design and 
analysis, some existing theoretical models of composites can be used for practical 
calculations. Some of these models preferred in GBM-nanocomposite research are 
the rule of mixtures (RoM), Halpin-Tsai (HT) and Mori-Tanaka (MT) methods [123]. 
The RoM, which was originally developed for composites reinforced with 
continuous constituents, was modified by Padawer and Beecher [124] for 
discontinuous planar-particle composites. May et al. [71] investigated reinforcement 
efficiency of pristine graphene flakes employing a modified RoM (MRoM), while 
Yousefi et al. [125] used the RoM to compare the performance assessment of 
GO/polyurethane nanocomposites with those in literature. Voigt and Reuss 
approximations of the RoM were used to provide upper and lower bounds for the 
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Young’s modulus of nanoparticle-reinforced nanocomposites. Many studies 
employed the HT micromechanical model that was originally formulated for 
nanocomposites both with unidirectional and randomly oriented particles [126] for 
prediction of the Young’s modulus of GBM nanocomposites [109,125,127,128]. In 
this study, only the version for unidirectional alignment is considered since the 
microstructural analysis demonstrated that reinforcements are preferentially aligned 
(see Section  4.2). Another analytical model, by Tandon and Weng (TW), which was 
derived from the MT method [129], is also used in the literature for calculation of the 
Young’s modulus of GBM-reinforced nanocomposites [123,130]. Hui and Shia (HS) 
obtained simple closed-form expressions based on the TW method [131]; their 
method can be used to implement the MT approach in prediction of the elasticity 
modulus of GBM-nanocomposites[26]. The HS scheme assumes flakes as aligned in 
the matrix. 
Young’s moduli, volume fractions, orientations and aspect ratios of nano-
reinforcement are the main parameters used in the analytical models to predict the 
effective stiffness of the nanocomposite. In these analytical models, linear elasticity 
of the phases is assumed and stress transfer is considered to be continuous 
throughout the interphases. Also, the models assume that the reinforcement flakes 
are homogeneously dispersed and fully exfoliated. However, depending on a 
manufacturing method and a type of materials constituting the nanocomposite, 
morphology of GBM flakes can differ. Barrett et al. [132] studied an effect of 
molecular structure of three different polymer matrices on mechanical performance 
 
 
Nanoscale Structural Study of GBM-Reinforced Nanocomposites 
35 
and physical changes of their nanocomposites reinforced with reduced GO (rGO). 
They applied the same preparation method for all the nanocomposites, but while 
rGO dispersed as exfoliated in a polyhydroxyoctanoate matrix, it exhibited an 
intercalated morphology in polyhydroxyoctenoate. According to [133], 
nanocomposites produced with two different methods, namely, solvent mixing and 
melt blending, yield different morphologies of GBM flakes. While the solvent-
mixing method gave a microstructure with homogeneously exfoliated and 
preferentially aligned GBM distribution in the matrix, the melt-blending method 
produced an intercalated and random distribution of flakes. Mechanical tests in these 
studies indicated from the effect of the resulting microstructures with different 
morphologies of the reinforcements: nanocomposites with intercalated GBM flakes 
showed poorer mechanical performance. Hence, the theoretical prediction of 
mechanical properties of nanocomposites can be faulty if the morphology of the 
reinforcement is not taken into account. 
GBM dispersion in polymer nanocomposites is generally classified into three main 
states: stacked, intercalated and exfoliated [78]. Experiments [132,133] showed that 
morphological differences causes a major effect on mechanical performance of 
composites. Lower stiffness reported for composites with intercalated GBM is 
mainly due to the fact that reinforcement in the matrix phase has a form of 
intercalated clusters – sandwiches of GBM and polymer. Obviously, such clusters 
are weaker than GBM and their aspect ratios are smaller. 
Ji et al. [134] analysed effect of stacked morphology of GBMs through MT models. 
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Their theoretical study revealed the level of negative influence of the stacking on the 
Young’s modulus of nanocomposites. May et al. [71] manufactured graphene 
through exfoliation of pristine graphite (see Section  2.4.1) and dispersed these 
graphene flakes in PVA through a solution mixing method (see Section  2.5.1) to 
produce graphene/PVA nanocomposites. They predicted mechanical properties of 
the nanocomposites using MRoM model. Their results showed that the Young’s 
moduli predicted from the models and those measured through tensile tests were 
very close. Barett et al. [132] compared mechanical performance of three different 
polymers reinforced with same type of GBMs (TrGO, see Section  2.4.3). The 
nanocomposites were manufactured with a solution mixing method (Section  2.5.1). 
Although the same type of fillers was used and nanocomposite preparation 
techniques were identical, different types of polymers led to different morphologies 
of the fillers inside the nanocomposites. Two of the nanocomposites had exfoliated 
fillers while one had intercalated fillers. Tensile tests performed on the 
nanocomposites revealed that the nanocomposites with intercalated morphology of 
TrGO fillers had lesser increase in stiffness upon incorporation of the fillers. 
However, this situation was not attributed to the intercalation phenomena by Barett 
et al. To the best of this author’s knowledge, there are no studies reported in the 
literature to research the effect of intercalated morphology of GBMs on Young’s 
modulus of nanocomposites using micromechanical models. Therefore, the present 
study was aimed to research the effect of the intercalation through experimentation 
and micromechanical models. 
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In this study, a micromechanical analysis of GO nanocomposites with intercalated 
morphology of reinforcement is performed. Transmission electron microscopy (TEM) 
images were used to assess nanoscale microstructure and morphology of the studied 
materials. Thickness of GO flakes was found with atomic force microscopy, while 
effective mechanical properties were obtained with quasi-static tensile tests. For the 
sake of better prediction of the Young’s modulus of such materials, the 
micromechanical models were adapted to account for the intercalated morphology. 
The effect of matrix stiffness, GO thickness, layer spacing in intercalates as well as 
the Poisson’s ratio and stiffness of inter-flake polymers were researched with the 
adapted models and a developed finite-element scheme. 
3.2. Experimental and modelling details 
As discussed under Section  2.5, solution mixing and in-situ polymerisation methods 
yield nanocomposites with more homogeneous dispersion of GBM fillers compared 
to what is obtained from melt mixing method. Solution mixing method is superior to 
in-situ polymerisation method in terms of alignment of the fillers inside the matrix. 
Therefore, the nanocomposites used in this study were manufactured with the 
solution mixing method. 
3.2.1. Fabrication of GO/SA nanocomposites 
The GO/SA nanocomposites were fabricated by Dr Mariana Ionita from Polytechnic 
University of Bucharest through the following procedure. GO, that was 
manufactured from natural graphite by Hummer’s method [135], was supplied by 
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National Institute for Research and Development in Microtechnologies (Romania). 
Medium-viscosity alginic acid sodium salt from brown algae was purchased from 
Sigma–Aldrich. No future purification was applied to the materials. Aqueous 
suspensions of GO were prepared by ultrasonic treatment using double distillate 
(DD) water, i.e. 0.1 g of GO was mixed in 100 ml of DD water. The mixture was 
exposed to 1 h of sonication to give a homogeneous dispersion. The SA was 
dissolved in DD water as 1% (w/v) solution to obtain the alginate solution. 
Composite films with GO content of 1.0 and 2.5 wt% were manufactured by drop 
wise GO suspension to the SA solution. After stirring the resulting mixture with a 
magnetic stirrer constantly for around 30 min, the solutions were cast onto Petri 
dishes. The solutions were left curing at room temperature for 72 h to allow 
formation of films. The films peeled off of the Petri dishes. In order to avoid cavities 
and residual solvents, the films were placed under vacuum of 80 kPa with thermal 
treatment as following: 30 min 50 oC, 30 min 70 oC and 4 h at 120 oC.  
3.2.2. Characterisation 
3.2.2.1. Transmission Electron Microscopy 
A previous X-ray diffractometry (XRD) study, reported in [14], showed that a 
characteristic peak of a GO spectrum shifted towards lower angle values for GO/SA 
nanocomposites. This observation revealed that morphology of GO flakes was 
intercalated. For a further understanding of morphology and microstructure of this 
composite, a TEM study was conducted. To implement it, small pieces of 
composites were first embedded in epoxy (Figure  3-1a). To obtain ~100 nm-thin 
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sections of the samples, the materials were sliced using an ultra-microtome machine 
with a diamond knife. The sections were placed on copper grids (Figure  3-1b) and 
monitored using a JEOL JEM-2000FX TEM system (Figure  3-1c) with 100 kV 
acceleration voltage of electron beams. Micrographs with magnifications at 8,000x 
to 300,000x were obtained. In the AFM study conducted by Dr Mariana Ionita, a 
scanning probe microscope NTEGRA Aura - NT-MDT (NT-MDT Co., Russia) was 
used to evaluate the thickness of GO. For this study, GO was dispersed in water and 
deposited on fresh cleaved mica substrate. 
 
Figure  3-1 Transmission electron microscopy study: (a) Samples embedded in epoxy 
moulds, (b) 100 nm-thick slices placed on copper grids, (c) JEOL JEM-2000FX 
transmission electron microscope. 
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3.2.2.2. Uniaxial Tensile Tests 
Quasi-static tensile tests were conducted on the samples that were prepared 
according to “Standard Practice for Cutting Film and Sheeting Test Specimen, 
ASTM D6287-09”. More than three samples were cut off from each ~50 µm-thick 
nanocomposite films. Nanocomposite films were cut into stripes with guillotine 
cutter. Blades of the guillotine were lubricated to obtain smoother edges. To ensure 
uniform width over the length, whole film samples were attached to a paperboard 
from ends and when cutting sample stripes, the paperboards were slid each time by 3 
mm, referencing the scale bars on the guillotine. The dimensions were ~50 (length) × 
3 (width) in millimetres (Figure  3-2a). 
 
Figure  3-2 (a) Samples prepared for the tensile tests: (b) Grip setup used for the tensile 
tests. 
Cut edges of samples were examined under optical microscope to detect flaws, 
cracks, etc. Samples with obvious flaws were omitted from the tests. Instron 3345 
uniaxial testing system with its Bluehill® software was used to perform tensile tests. 
Loads required did not exceed 25 N and the grips weighed 25 N. Therefore, to do a 
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precise testing, 50 N load cell was used. Jaws used were flat-faced without any 
coating like rubber (Figure  3-2b). To avoid the bending moment occurrence and the 
uneven stress distribution on the sample while it is stretched, the alignment between 
grips was checked and provided with a mitre. After maintaining the gauge length of 
30 mm, parameters of the test were set according to ASTM D3039. The tests were 
done on three samples for each type of material. 
3.2.3. Modelling 
Theoretical upper and lower bounds of Young’s modulus of a composite are usually 
determined by Voigt [136] and Reuss [137] rule of mixtures (RoM) approximations, 
respectively. Voigt’s approach assumes that the strain is uniform throughout the 
composite in which the reinforcements are continuous and parallel to the loading 
axis while Reuss’s assumes a uniform stress distribution in the composite with 
reinforcements that are continuous on the plane that is normal to the axis of loading. 
Padawer and Beecher [124] modified Voigt’s approach (MRoM) to account for the 
effect of length and thickness of discontinuous reinforcements in prediction of 
effective Young’s modulus of composites. Hui-Shia (HS) [131] and Halpin-Tsai (HT) 
[126] micromechanical models implement orientation (either random or aligned 
configuration) of the reinforcements as well as their aspect ratios (length/thickness). 
The traditional micromechanical models (MRoM, HS and HT) used to calculate the 
Young’s modulus of graphene-nanocomposites considers reinforcements as fully 
exfoliated and homogeneously distributed. For composites with intercalated clusters 
of graphene, the use of such models can result in errors, as can be found in literature. 
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For this reason, appropriate adjustments of models employed should be implemented 
before micromechanical analysis of such nanocomposites. Luo and Daniel [138] 
treated the intercalated structure of polymer-clay nanocomposites as a parallel 
system of platelets to calculate its Young’s modulus with the RoM and use it as input 
parameter in the MT model. GO-polymer intercalations were treated in similar way 
in that study, i.e. assuming them as a system of continuous and parallel platelets. The 
Young’s modulus of the intercalated structures 𝐸𝐸f
ic was calculated using the Voigt’s 
RoM as they are composed of parallel layers of GO and polymer. Then, 𝐸𝐸f
ic was 
implemented as the Young’s modulus of inclusions in such widely used 
micromechanical models as MRoM, HT and HS. The respective equations for 
effective moduli in these models can be introduced as follows: 
 𝐸𝐸𝑐𝑐
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 𝐸𝐸𝑚𝑚𝑣𝑣𝑚𝑚 + 𝐸𝐸𝑓𝑓𝑣𝑣𝑓𝑓; ( 3.1) 
 
𝐸𝐸𝑐𝑐
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝐸𝐸𝑚𝑚𝐸𝐸𝑓𝑓
𝐸𝐸𝑚𝑚𝑣𝑣𝑓𝑓 + 𝐸𝐸𝑓𝑓𝑣𝑣𝑚𝑚  ; ( 3.2) 
 𝐸𝐸𝑐𝑐
𝑚𝑚𝑉𝑉𝑚𝑚𝑉𝑉𝑓𝑓𝑉𝑉𝑅𝑅𝑚𝑚 = 𝐸𝐸𝑚𝑚𝑣𝑣𝑚𝑚 + 𝜂𝜂𝑚𝑚𝑚𝑚𝑓𝑓𝐸𝐸𝑓𝑓𝑣𝑣𝑓𝑓 , ( 3.3.a) 
where 𝜂𝜂mrf is the modulus-reduction factor: 
 
𝜂𝜂mrf = 1 − tanh𝑞𝑞𝑞𝑞  ( 3.3.b) 
with 
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𝑞𝑞 = 𝑙𝑙
𝑡𝑡
�
𝐺𝐺m𝑣𝑣f
𝐸𝐸f𝑣𝑣m
; ( 3.3.c) 
 
𝐸𝐸c
Halpin−Tsai = 𝐸𝐸m 1 + 𝜂𝜂L𝑣𝑣f𝜉𝜉1 − 𝜂𝜂L𝑣𝑣f , ( 3.4.a) 
where 
 𝜂𝜂L = 𝐸𝐸f−𝐸𝐸m𝐸𝐸f+𝐸𝐸m𝜉𝜉 ;             ( 3.4.b) 
with 
 
𝜉𝜉 = 2𝑙𝑙3𝑡𝑡 ; ( 3.4.c) 
 
𝐸𝐸c
Hui−Shia = 𝐸𝐸m1 − 𝑣𝑣f4 �1𝜉𝜉 + 3𝜉𝜉 + 𝛬𝛬�  , ( 3.5.a) 
where 
 
𝜉𝜉 = 𝑣𝑣f + 𝐸𝐸m𝐸𝐸f − 𝐸𝐸m + 3(1 − 𝑣𝑣f) �1 − 𝜋𝜋𝑡𝑡2𝑙𝑙� �𝑡𝑡𝑙𝑙�
2
−
𝑡𝑡2𝑙𝑙
�
𝑡𝑡
𝑙𝑙�
2
− 1  ( 3.5.b) 
with 
 
𝛬𝛬 = (1 − 𝑣𝑣f) 3 ��𝑡𝑡𝑙𝑙�2 + 0.25� 𝜋𝜋𝑡𝑡2𝑙𝑙 − 2 �𝑡𝑡𝑙𝑙�2
�
𝑡𝑡
𝑙𝑙�
2
− 1 . ( 3.5.c) 
In these models, 𝐸𝐸f  is replaced with 𝐸𝐸ic - the Young’s modulus of intercalated 
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clusters that is defined by the Voigt approximation of the RoM: 
 𝐸𝐸ic = 𝐸𝐸m𝑣𝑣mic + 𝐸𝐸f𝑣𝑣fic, ( 3.6) 
where 𝑣𝑣mic and 𝑣𝑣f
icare the volume fractions of the matrix and GO in the intercalated 
clusters. 
The length of the clusters is assumed the same as the monolayers’. Also, 𝑣𝑣f and 𝑣𝑣m 
are replaced with 𝑣𝑣ic and 1 − 𝑣𝑣ic, respectively; 𝑣𝑣ic is defined by 
 
𝑣𝑣ic = 𝑣𝑣f 𝑑𝑑sic𝑡𝑡𝑓𝑓 , ( 3.7) 
where 𝑑𝑑sic is the spacing between the GBM layers in the clusters found with either 
XRD or TEM (see a schematic demonstration of the model adjustments in 
Figure  3-3). In all the equations, indices f, m and ic stand for the matrix, flake and 
intercalated structure, respectively, while 𝐺𝐺m , 𝑡𝑡  and 𝑙𝑙  are the shear modulus of 
matrix, thickness and length of reinforcements, respectively. 
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Figure  3-3 Schematic demonstration of adjustment of micromechanical model parameters to 
account for the nanoflakes’ intercalated morphology.  
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A volume fraction of the intercalated structures was calculated with Eq.( 3.7), with 
geometric properties of the intercalated structures obtained from TEM images. In 
manufacturing of nanocomposites, the weight fraction is more broadly used than the 
volume one; hence, the weight fraction of GO flakes in the composites were 
converted into the volume fraction using 
 𝑣𝑣f = 𝑤𝑤f𝜌𝜌m𝑤𝑤m𝜌𝜌f + 𝑤𝑤f𝜌𝜌m, ( 3.8) 
where 𝜌𝜌 and 𝑤𝑤 are the density and weight fraction, respectively. Volume fractions 
𝑣𝑣f of GO in 1.0 wt% and 2.5 wt% GO/SA were calculated as 0.56% and 1.4%, 
respectively. From here on, GO concentration in the nanocomposites is described in 
volume fractions. 
Based on XRD studies [14] that showed that addition of GO had a minor effect on a 
crystalline structure of Alg, it was considered that the polymer intercalating GO had 
the same mechanical properties as the matrix. 
 
Figure  3-4 Finite-element model of intercalated structure with boundary conditions and 
layer detail. 
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To study the effect of the Poisson’s ratio, a finite-element (FE) model was developed 
employing an MSC Marc® FE software package. GO layers and the intercalating 
polymer between them were modelled with different material formulations (three 
different matrix moduli of 0.1, 4.75 and 10 GPa); Solid-shell elements (type 185) 
were used in both cases. Thickness and length of the simulated intercalated structure 
were 25 nm and 2 µm, respectively, while the width was equal to one-tenth of the 
length. These geometric features were also used in the above theoretical models. 
Permanent contact between the GOs and the SA layers was applied in FE method to 
represent existing covalent bonding. Before simulations, a mesh-convergence study 
was performed; it showed that stress-strain behaviour of the model did not change 
considerably with the number of elements. Eventually, simulations were 
implemented with the total number of elements of 5160. Boundary conditions were 
applied in a way to reflect those of the uniaxial tensile test; the FE model is shown in 
Figure  3-4. Static, large-strain analysis was performed in simulations. 
3.3. Results and discussion 
3.3.1. Experimental results 
The obtained AFM results (Figure  3-5) indicated the presence of multiple and 
individual layers of GO in the sheet-like shapes with a rather non-uniform size 
distribution. The average thickness of individual GO sheets measured from the 
height profile of the AFM image was about 0.916 nm. 
TEM micrographs of the nanocomposites (Figure  3-6 and Figure  3-7) demonstrate 
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intercalated structures (dark areas in Figure  3-6a, c), which are homogeneously 
distributed throughout the matrix (a light grey colour). This distribution character 
was observed also in other micrographs taken from different areas of the 
nanocomposites. High-magnification micrographs (Figure  3-6b, d) were taken to 
find thickness of the intercalated structures; the latter cannot be defined until a 
 
Figure  3-5 (a) AFM image and (b) height profile of GO sheets along line in (a). Imaging 
was carried out by Dr Ionita (Polytechnic University of Bucharest). 
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magnification, at which features of single flakes become observable, is reached. This 
is affected by the method of TEM that depicts a slice of specimen through its 
thickness, not an image of its surface: it gives a projected view. In other words, if a 
flake is not normal but rather inclined to the plane of the specimen’s slice used for 
TEM, a contour of the flake would be observed rather than its thickness. Hence, 
thicknesses measurements made at insufficient magnifications would be misleading. 
The solution to this is attaining a higher magnification, at which the edges of single 
graphene sheets can be observed. Only in this case the true thickness of 
intercalations can be obtained for flake-reinforced nanocomposites. In the 
micrographs that were obtained at 200,000x magnification (Figure  3-6 b, d), thin 
edges of GO sheets are seen. Therefore, the thickness of intercalations from images 
with this magnification is considered and used as the relevant parameter in the 
theoretical calculations. The magnitude of thickness obtained in this way was 
approximately 25 nm. 
Even higher magnification (Figure  3-7e) was used to assess intercalation spacing. 
GO intercalation spacing was found to be ~1.7 nm from TEM micrograph seen in 
Figure  3-7(e). This value is in agreement with values suggested by the XRD results 
[14], which are 1.742 nm and 1.719 nm for 0.56 vol% and 1.4 vol% GO/SA, 
respectively. 
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In TEM (Figure  3-6) and AFM images (Figure  3-5), it is seen that GO diameter 
varies from 100 nm to several micrometres. However, since large-size flakes are 
highly dominant, the magnitudes of diameter (or length) of the small-size flakes 
were not considered. Therefore, a mean flake diameter was determined as 2.0 µm 
from these images. 
 
Figure  3-6 TEM micrographs of GO/SA: (a) and (b) for 0.56 vol%; (c) and (d) for 1.4 
vol%; (a) and (c) at 15,000x magnification; (b) and (d) at 200,000x magnification. 
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Figure  3-7 TEM micrographs of 1.4 vol% GO/SA nanocomposites at different 
magnifications: (a)15,000x; (b) 50,000x; (c) 100,000x; (d) 300,000x; (e) ~1,700,000x. 
 
 
Figure  3-8 Stress-strain behaviour of the nanocomposites and pure SA. 
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*Standard deviation 
Table  3-1 Tensile properties of materials 
 
Young’s modulus, 
(GPa) 
σy at offset 
strain 0.001, 
(MPa) 
σy at offset 
strain 0.002, 
(MPa) 
εy at offset 
strain 0.001, 
(mm mm-1) 
εy at offset 
strain 0.002, 
(mm mm-1) mean SD* 
Pure SA 4.75 0.17 48.8 55.3 0.011 0.014 
0.56 vol% GO/SA 5.09 0.12 67 79.2 0.014 0.0175 
1.4 vol% GO/SA 5.8 0.09 54.8 63.3 0.01 0.013 
Three uniaxial tensile tests were carried out for all of the three materials. Results of 
the performed tensile tests are shown together in a stress-strain diagram (see 
Figure  3-8). The stress-strain curves shown in the figure were chosen from mid-
range curves of three tests for each material. While values of the Young’s modulus 
were obtained from averages of all the tests, yield stress and yield strain values were 
calculated from the curves in Figure  3-8. The values are presented in Table  3-1. 
Apparently, even a lower content of GO resulted in a considerable increase in 
toughness of the nanocomposite while the higher amount of GO made it brittle. 
3.3.2. Modelling results 
3.3.2.1. Examination of adapted theoretical models 
The Young’s moduli of the nanocomposites were estimated employing the 
micromechanical models, which were adapted as explained in section  3.2.3. To 
assess the effect of intercalation, the estimations were also made with traditional 
micromechanical models. These models assume that the flakes are homogeneously 
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dispersed and the stress transfer happens through the interface. Since the functional 
groups of both the matrix and GO lead to covalent bonding on the interfaces, it can 
be assumed that the stress transfer occurs through the interfaces. Also, TEM 
micrographs at 15,000x magnification (Figure  3-6a, c) showed a homogeneous 
distribution of flakes. The Young’s modulus of SA matrix was found as 4.75 GPa 
from the tensile tests (see Table  3-1); the stiffness level for a single GO sheet is 
given in literature as 145.3 N m-1 [93]. The thickness of GO that was used in this 
study was measured from AFM to be 0.916 nm (see Section  3.3.1). Using this 
thickness, the Young’s modulus of GO was found to be 158.7 GPa. The average 
flake diameter was measured as ~2.0 µm from the AFM and TEM images. The 
density of SA film was calculated from [139] as 1.0 g cm-3, that of GO is given as 
1.8 g cm-3 by [93]. Using Eq.( 3.8), the volume fractions 𝑣𝑣f of GO were calculated as 
0.56% and 1.4% for 1.0 wt% and 2.5 wt% GO/SA, respectively. Spacing distance 
between GO layers in intercalated clusters was found ~1.7 nm (See Section  3.3.1). 
Predictions of the Young’s modulus, using the traditional formulations of 
micromechanical models as well as those adjusted to account for platelets’ 
morphology are shown in Figure  3-9a, b, respectively. Apparently, the latter models 
approximate the test results better than the traditional ones do. It was also found that 
the MRoM is more suitable than the HS and HT models for predicting the modulus 
of GO/SA nanocomposites. 
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Figure  3-9 Effect of volume fraction of GO on experimental and theoretical values of 
Young’s modulus of studied materials: (a) traditional models; (b) adjusted  models. 
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Importance of considering the intercalation phenomenon for prediction of the 
Young’s modulus of nanocomposites was studied additionally by taking several 
parameters into consideration. The parameters of interest are effects of matrix 
stiffness, stiffness of inter-flake polymers, the Poisson’s ratio of inter-flake polymers, 
layer-spacing of intercalates and GO thickness. These parameters were investigated 
using the morphology-adjusted MRoM (maMRoM), as it worked better for the 
samples than the modified HS and HT models did. The deviations of composite 
moduli mentioned in the sections below were related to the respective maMRoM 
values. 
3.3.2.2. Effect of matrix stiffness 
The matrix modulus is one of the parameters defining the effect of reinforcement in 
composites. As the Young’s modulus of matrix material increases, while all other 
parameters are constant, the effect of reinforcement decreases. A study of this effect 
was aimed to reveal importance of considering the intercalation phenomena in 
predicting the effective Young’s modulus of nanocomposites. A chart in Figure  3-10 
shows deviation of the estimated Young’s modulus of nanocomposites as a function 
of modulus of the matrix material  for different volume fractions of GO, ranging 
from 0.1% to 10%. The deviation shows how much higher the prediction will be 
once the intercalation phenomenon is not taken into account. 
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Figure  3-10 Effect of Young’s modulus of matrix on deviation of nanocomposite’s modulus 
for different volume fractions of GO. 
To create the chart, thickness and length of the intercalated structures, thickness of 
GO, and spacing between layers were kept constant with the values of those 
parameters given in the previous section. As can be seen from the graph, the 
deviation diminishes with the increasing matrix modulus. For matrices with the 
modulus of 5 GPa, the deviation is less than 20%. For stiffer matrices with modulus 
of 10 GPa and higher, it becomes less important to consider the intercalation effect 
since the deviation drops below 10%. Apart of the lowest volume fraction -0.1 %, 
the latter does not seem to have a major role in this deviation. Therefore, it can be 
concluded that for GO-nanocomposites with matrix stiffness of 10 GPa and above, 
and with any volume fraction of GO, implementation of the account for intercalation 
is not necessary. However, for the nanocomposites with a softer matrix it is 
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important for an adequate assessment of effective elastic properties. 
3.3.2.3. Effect of inter-flake matrix stiffness 
Thin layers of matrix intercalated into the GO sheets can have their modulus 
different from that of the base matrix due to potential changes in their microstructure 
related to their small thickness. Therefore, the next stage of the study is focused on 
quantification of this effect. The respective results are presented in Figure  3-11 for 
different volume fractions of GO and varying stiffness of the matrix (all the other 
parameters were fixed). The obtained results vividly demonstrate that for any 
analysed volume fraction of GO platelets, the variation of the inter-flake matrix 
modulus from -50% to +50% has a marginal effect on the estimated effective 
stiffness. 
Thanks to the linear character of the curves, it can be predicted that even a 100% 
variation of the inter-flake matrix stiffness from that of the base matrix would not 
cause a considerable change in the overall composite stiffness. Hence, a modified 
micromechanical approach could safely use the assumption that layers between 
graphene sheets in intercalated platelets have the same stiffness as the base polymer 
matrix. As the Young’s modulus of SA (4.75 GPa) fell within the range of negligible 
deviation, the micromechanical models in this study can be safely modified. 
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Figure  3-11 Effect of inter-flake matrix modulus (IFMM) on deviation of nanocomposite's 
modulus for different levels of volume fraction of GO and modulus of matrices. 
3.3.2.4. Effect of Poisson’s ratio of inter-flake matrix 
As the modulus of inter-flake matrix may differ from that of the base matrix, its 
Poisson’s ratio can change too. To characterise the sensitivity of the composite’s 
modulus to the changes in the inter-flake’s Poisson’s ratio, an FE model of the 
intercalated structure, developed as explained in Section  3.2.3, was used to perform 
tensile-test simulations to assess the Young’s moduli of the intercalated structures 
(flakes) with different moduli and Poisson’s ratios of the inter-flake matrix. While 
the length, thickness and spacing between layers of intercalated structures were kept 
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constant as 2.0 µm, 25 nm and 1.7 nm, respectively, the Poisson’s ratio of the inter-
flake matrix was varied from 0.1 to 0.49; calculations were carried out for matrix 
moduli of 0.1, 4.75 and 10 GPa. The GO thickness was kept the same at 0.916 nm, 
while the mechanical properties of the GO layers were fixed at the values given in 
previous sections. 
 
Figure  3-12 Effect of variation of Poisson's ratio of inter-flake matrix on Young’s modulus 
of intercalated structures for different levels of matrix modulus. 
A change in Young’s moduli of the intercalated structures for three different levels 
of the matrix modulus is plotted in Figure  3-12 depending on the Poisson’s ratio. The 
maximum deviation is found for the high-modulus matrix, and it is less than 3%. 
Such a small deviation in properties of flakes would have even a lower effect on the 
effective modulus of nanocomposites composite. Therefore, it can be concluded that 
the changes in Poisson’s ratio of the inter-flake matrix does not have a considerable 
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effect on the nanocomposites’ moduli of elasticity. It can be omitted when doing the 
stiffness prediction of GO-polymer nanocomposites. 
3.3.2.5. Effect of layer spacing 
As explained in the previous sections, layer spacing in flakes (GO platelets) can be 
measured with either XRD or TEM. Apparently, measuring at such small scales 
requires high precision. As a result, some small measurement errors can affect 
moduli estimation. In order to quantify sensitivity of such estimations to the potential 
errors in measurements of layer spacing, values of the Young’s modulus were 
calculated for different volume fractions of GO and matrix moduli. Other parameters 
were held constant at the levels described above.  
Deviations of the nanocomposites’ modulus in this study are plotted against the 
change in layer spacing in Figure  3-13. The measurement error was considered to be 
between -20% and +20% of the original value. The results show that for volume 
fractions of GO up to 1.0 % of GO and any matrix modulus the composite modulus 
is not affected considerably. However, as the volume fraction increases and the 
matrix moduli decreases, the composite modulus gets more sensitive to measurement 
errors for the layer spacing and its deviations can exceed 50%.  
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3.3.2.6. Effect of thickness of GO layers 
The thickness of GO layers (sheets), measured with either AFM or XRD, is reported 
to vary between 0.8 and 1.2 nm [140]. Knowing the level of stiffness of a single GO 
sheet -145.3 Nm-1, one can calculate its Young’s modulus depending on the 
thickness. Considering that GO thickness does not vary significantly for the same 
manufacturing method, a value found in the literature can be used in the calculations.  
 
Figure  3-13 Effect of layer spacing on nanocomposite's modulus for different levels of 
volume fraction of GO and matrix modulus. 
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However, this assumption may lead to misestimating the Young’s moduli of the 
studied nanocomposites. Keeping the length, thickness and layer spacing of 
intercalated structures constant (as given in the previous section) and considering the 
reference GO thickness as 1 nm (the mean value of data reported in [140]), 
assessment of the Young’s modulus was carried out for varying levels of the volume 
fractions of GO and matrix modulus. The obtained results are presented in 
Figure  3-14. The range of deviations in the GO thickness was assumed as ±20% to 
match the reported interval of 0.8-1.2 nm. Since the layer spacing was kept constant, 
the character of the effect is opposite in this case. The results show that, similar to 
 
Figure  3-14 Effect of GO thickness on nanocomposite's modulus for different levels of 
volume fraction of GO and matrix modulus. 
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the case of layer spacing, as the Young’s modulus of matrix decreases and volume 
fraction of GO increases, precise measurement of GO thickness gains importance for 
adequate assessment of the effective properties of the studied nanocomposites. 
3.4. Conclusions 
The effect of intercalated morphology of GO on nanocomposites with SA matrix was 
analysed based on experimental, microstructural and numerical studies. Pure SA 
polymer and nanocomposites with 0.56 and 1.4 vol% GO reinforcement were 
characterised with TEM and tested with tensile machine.  
Microstructural analysis on the nanocomposites with XRD and TEM suggested that 
GO flakes were intercalated rather than exfoliated. Traditional micromechanical 
models – HS, HT and MRoM – were adjusted to account for the intercalated 
structure. The Young’s modulus of the composites, calculated with both the original 
versions and ones accounting for the GO morphology, were compared with the 
experimental findings. The results showed that the adjusted models predicted the 
Young’s modulus much better than the traditional models. Among these 
micromechanical models incorporating the effect of GO morphology, the MRoM 
provided more accurate results than HT and HS. 
Using this version of the MRoM, the factors making the consideration of 
intercalation phenomena important were revealed and the effects of some parameters 
that can affect the effective properties, including variations in some parameters as 
well as potential measurement errors, were assessed. It was shown that 
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nanocomposites with intercalated GO flakes with matrix modulus of less than 10 
GPa should be assessed with the adjusted models in order to have accurate 
predictions. The effect of mechanical properties of the inter-flake matrix were 
quantified, and it was found that potential changes in the Poisson’s ratio and the 
modulus of the inter-flake matrix did not have a considerable effect on the overall 
modulus of the studied nanocomposites. On the other hand, measurement errors in 
layer spacing and GO thickness could become important with the increase in the 
fraction of the flakes and the decrease of the matrix modulus. The diagrams of 
changes in the effective elastic modulus obtained in this study for various parameters 
can help to decide the suitability of the micromechanical schemes – traditional or 
adjusted –for its prediction for GO-reinforced nanocomposites. 
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CHAPTER IV 
4. Effect of Orientation Distribution of 
GBMs on Mechanical Properties of 
Nanocomposites  
Orientation of fillers plays a key role in mechanical performance of composites. As 
presented in Section  2.5, different manufacturing methods and parameters lead to 
nanocomposites with different orientations (preferential or random alignment) of 
GBMs. Transmission electron microscopy (TEM) studies on GO/SA 
nanocomposites, which is reported in Chapter III, demonstrated that GO flakes are 
preferentially aligned and have got a degree of orientation distribution within the 
nanocomposites. Therefore, effect of orientation distribution of GO flakes on 
Young’s moduli of the nanocomposites is researched in this chapter. 
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Using Nonwovens Anisotropy V1 software, orientation distribution data of the 
nanoflakes was obtained from TEM micrographs of the nanocomposites. Statistically 
equivalent, three-dimensional microstructures of the nanocomposites were created 
based on the orientation distribution data. Finite-element (FE) models of the 
statistically equivalent microstructures were created. Morphological and spatial 
distribution characteristics of the nanoflakes were not introduced into the models, so 
that effect of the orientation distribution parameter could be analysed independently. 
Uniaxial stretching was applied on the models to simulate tensile tests. Results 
obtained from the simulations were compared with the theoretical and the 
experimental results presented in Chapter III. 
4.1. Introduction 
As well as geometrical features, orientation of fillers is also a factor that determines 
mechanical properties of composites. Fukuda and Chou [141] studied effect of 
orientation distribution of short fibres on the strength of the composites through 
modified analytical approaches and presented how the strength decreases with 
increase of the orientation values. 
In this chapter, orientation distribution of the GO flakes was examined and its effect 
on Young’s moduli of the nanocomposites was analysed through FE models of the 
representative microstructures. Microstructural images of the nanocomposites, 
obtained via TEM, were presented in Chapter III. These images were analysed using 
Nonwovens Anisotropy V1 software [142], which was originally developed to 
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analyse orientation distribution of fibrous nonwoven networks. The software gave 
approximate orientation distribution of the platelets dispersed in SA matrix. The 
obtained distribution data was statistically analysed. Parameters obtained from the 
statistical analysis were used in construction of representative volumes of GO/SA 
nanocomposites. The representative volumes were converted into FE models in 
MSC.Marc® software. Tensile simulations were performed on the models. Young’s 
moduli of the nanocomposite models were calculated through post-processing of the 
simulations. The results were compared with those of tensile tests. Stress 
distributions within the matrix and on the platelets were also observed. 
4.2. Orientation Distribution of GO flakes 
A detailed information on nanoscale structure of GO-reinforced SA nanocomposites 
were presented in Chapter III through micrographs obtained with TEM. The 
micrographs clearly show dispersion of the platelets in SA matrices (Figure  3-6 and 
Figure  3-7). The platelets appear with a dark grey colour in the polymer matrix and 
most of them have got a fibre-like appearance. The fibre-like appearance is due to 
that the platelets have a large aspect ratio (~80), they dispersed preferentially aligned 
to the plane of the nanocomposite films, and the micrographs show the 
nanocomposite microstructure from an orientation that is normal to cross-section of 
the films. It can be noticed from the micrographs that the platelets dispersed with 
different orientations. Such micrographs, therefore, could be used to obtain 
orientation distribution of the platelets against to the plane of the composite films. 
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Nonwovens Anisotropy V1 software, developed by Demirci et al. [142], was 
implemented on these micrographs to get the orientation distribution of the platelets. 
The algorithm of the software detects edges of the objects and creates new straight 
lines that represent the objects. Then, the orientations of these lines are calculated 
based on their two end points. More detailed information about working principle of 
this software can be found in [142].  
 
Figure  4-1Transmission electron micrographs of GO/SA nanocomposites with nanoflake 
volume fraction of 0.56 (a) and 1.4 (b). Orientation distribution of the nanoflakes (c) and (d) 
obtained from the micrographs (a) and (b), respectively. 
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The TEM micrographs of the GO/SA nanocomposites with GO volume fractions of  
0.56% (Figure  4-1 (a)) and 1.4% (Figure  4-1 (b)) were processed with Nonwovens 
Anisotropy V1 and orientation distribution graphs ((Figure  4-1 (c) and (d)) of the 
platelets in the nanocomposites were obtained. The orientations are rotations about y 
axis of the coordinate systems shown in Figure  4-1. If a flake stands parallel to x-y 
plane of the coordinate system, which is also the plane of the nanocomposite films, 
orientation of this flake is calculated as 0o. Since some of the platelets in the 
micrographs do not have obvious end points and fibre-like appearance, they were not 
detected by the software. Nonetheless, the software could detect most of the platelets 
and their orientations. The orientations indicated in the graphs are according to y-
axis of the coordinate systems that are shown on Figure  4-1. The x-y plane is the 
nanocomposite film plane. Mean orientations of the platelets were calculated as 
19.20o and 17.07 o for 0.56 vol% GO/SA and 1.4 vol% GO/SA, respectively. This 
shows that as the concentration of the GO platelets increases, they get aligned more 
with the moulding plane of the nanocomposites. It is known that graphene-based 
nanocomposites have got graphene dispersions preferentially aligned with their 
moulding plane when they are manufactured with a solution mixing method [78] and 
the GO/SA nanocomposites used in this study were manufactured with the same 
method [14]. Therefore, it is normal for the platelets to be more parallel with the 
moulding plane as their concentration increases. 
 
 
Effect of Orientation Distribution of GBMs on Mechanical Properties of Nanocomposites 
70 
4.3. Finite Element Analysis Based On Statistically 
Equivalent Microstructures 
By Dr Mikhail Tashkinov (Perm National Research Polytechnic University), the 
orientation distribution data presented in Figure  4-1 were analysed statistically in 
order to restore a distribution law of the nanoflakes, which allowed creating three-
dimensional microstructure of the nanocomposites. Spatial dispersions of the 
nanoflakes were arranged in a random and uniform fashion. The nanoflakes were 
dispersed in a cube of side 10 µm: the RVE had a volume of 1000 µm3. This size of 
volume housed at least 150 flakes. Since FE models of nanocomposites with more 
than 30 flakes are reported insensitive to RVE size by Hbaieb et al. [143], RVEs of 
side 10 µm were considered sufficiently large. Orientations against x- and y-axis (see 
the coordinate system in Figure  4-2) and spatial coordinates of the centres of the 
nanoflakes were created by him. 
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Figure  4-2 FE models of dispersion of GO flakes in nanocomposite models with filler 
volume fractions of 0.56% (a) and 1.4% (b). 
Finite element models of the statistically equivalent microstructure of the 
nanocomposites were created in MSC Marc® through a parametric script developed 
in-house with Python® (Figure  4-2). The parameters that can be controlled with the 
script include mesh size, RVE size, platelet thickness, material properties, and 
boundary conditions. By using this script, it was aimed to automatise the modelling 
work and reduce the time spent for repetitive tasks. The script first creates ellipses in 
3D space based on the geometrical data (centroids, orientations, and diameters of 
ellipses) provided by Dr Tashkinov. The ellipses are meshed and then encapsulated 
in a meshed matrix volume that has got a cubic shape. “INSERT” feature of Marc 
Mentat® is used to automatically tie degrees of freedom of nodes in an embedded 
element list to degrees of freedom of nodes in a host element list. In the models 
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created, the matrix mesh is the host and the platelet mesh is the one embedded in the 
host. 
The nanoflakes were assigned 4-node shell elements with a predefined thickness and 
the matrix phases were modelled with 8-node hexahedral elements. Isotropic 
mechanical properties were assigned for both of the phases. Young’s moduli of SA 
and GO were input as 4.75 GPa and 158.7 GPa, respectively. Poisson’s ratios of the 
matrix and the nanoflakes were assumed 0.4 and 0.186 [144], respectively. In order 
to analyse the effect of the orientation distributions independently, intercalation 
characteristic of the GO flakes were not incorporated into the FE models. 
Boundary conditions were applied in a way to simulate a uniaxial tensile test 
conditions. Tensile is applied in x-direction with a displacement control. Nodes on 
one of the faces that are parallel to the y-z plane were tied to a single node (called 
“stretcher node”) on which the displacement was applied. The tying allowed the 
nodes to move together with the stretcher node on x direction while they were set 
free in y and z directions. All of the nodes on the opposite face were fixed in x 
direction. To avoid free body motion of the RVE, two sets of nodes on the same face 
were fixed; one set in y direction, one set in z direction. The sets are orthogonal to 
each other (Figure  4-3). 
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Figure  4-3 Boundary conditions applied on the FE models 
A convergence analysis was performed to find the most accurate mesh size for the 
RVEs. Models with average element edge lengths of 100 nm, 200 nm, and 400 nm 
were created. All other features, besides the elements size, were kept the same. 
Difference between the tensile loads required to stretch all three models was at a 
negligible level (Figure  4-4 (d)). However, stress distributions (Figure  4-4 (a), (b), 
and (c)) on the platelets were not similar for all the three models. While the stress 
distributions of the models with mesh sizes of 100 nm and 200 nm were smooth, it 
was irregular and unrealistic for 400 nm-mesh size model. Analysis of the models 
with the finest mesh required prolonged times. Therefore the mesh size for the RVE 
model was chosen to be 200 nm. 
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Figure  4-4 Stress distribution on the platelets with element edge size (a) 400 nm, (a) 200 nm, 
and (c) 100 nm. (d) Tensile load required for the models with different element sizes 
4.4. Results and Discussion 
Three different models were created for each nanocomposite. It was observed in 
tensile tests (Figure  3-8) that the yield started after ~1% of strain. In order not to 
strain the models to the plastic regime, an extension with 1% of the model size was 
applied on the models for the tensile simulations. Young’s moduli of the 
nanocomposite models were calculated through post-processing of the FE analysis 
results. In post-processing, tensile stress on the models was calculated by dividing 
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reaction force on the stretcher node by the cross-sectional area of the model that is 
normal to the tensile direction. The cross-section was chosen from about the middle 
of the model. Since there was no noticeable waviness on the sidewalls of the models 
upon the uniaxial tensile loading, this preference was considered accurate for the true 
cross-sectional area. The strain value was then divided by true strain, yielding the 
Young’s modulus. The values obtained from the models were very close to each 
other for both of the nanocomposites. Relative standard deviations of the Young’s 
moduli were only 0.13% and 0.53% for 0.56 vol% GO/SA and 1.4 vol% GO/SA, 
respectively. Average values of the Young’s moduli were calculated as 5.4 GPa and 
6.4 GPa for the nanocomposites with low and high filler concentration of GO, 
respectively. As the intercalation effect was not included in the FE models, these 
values are higher than the experimental values presented in Chapter III. However, 
the values are lower than the theoretical values calculated for the nanocomposites 
with fully exfoliated GO flakes, which are also presented in Chapter III. These 
results show how much the orientation distribution is influential on the Young’s 
moduli compared to the intercalation effect (Figure  4-5). It is evident that orientation 
distribution has got an inferior effect. 
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Figure  4-5 Effect of GO orientation distribution on Young’s modulus of the nanocomposites 
is compared to the effect by the intercalation of GO 
It was also observed that nanoflakes that were predominantly aligned with the tensile 
direction bear more load than those less aligned on the same axis. Therefore, the 
aligned flakes experience more stress than the misaligned ones (see Figure  4-6). This 
can be explained by the fact that the misaligned nanoflakes undergo more rotation 
deformation than the aligned ones. Therefore their misalignment reduces the 
Young’s modulus of the nanocomposites. 
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Figure  4-6 Stress distribution on nanoflakes of 0.56 vol% GO/SA nanocomposite 
4.5. Conclusion 
It is known that misalignment of fillers negatively effects mechanical performance of 
composites. Nanoscale structural analysis performed in Chapter III showed that GO 
flakes in SA matrix have got a certain orientation distribution although they are 
preferentially aligned. In this chapter, therefore, effect of orientation distribution of 
the nanoflakes on Young’s modulus of the nanocomposites was studied. 
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Transmission electron micrographs of the nanocomposites were first analysed with 
Nonwovens Anisotropy V1 software to obtain an orientation distribution of the 
nanoflakes. The orientation distribution obtained was statistically analysed to create 
representative volumes of the nanocomposites. In the last step, FE models of the 
nanocomposites were created to do tensile simulations in elastic regime. When 
creating the FE models, spatial non-uniformity and intercalation features of the 
nanoflakes were kept exempt to observe the effect of orientation distribution clearly. 
The results showed that the effect of orientation distribution of the nanoflakes is less 
significant than that of intercalation of the nanoflakes. 
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CHAPTER V 
5. Optical Characterisation of GBMS in 
Translucent Nanocomposites 
In this chapter, optical transmittance of structural, purpose-made nanocomposites 
reinforced with GBMs was studied to lay a foundation in development of a new 
method for microscale structural characterisation of the nanocomposites, which is 
described in Chapter VI. Two main types of GBM reinforcements were studied; 
graphene oxide (GO) and graphite nanoplates (GNP). The nanocomposites 
investigated are GO/poly(vinyl alcohol), GO/sodium alginate and GNP/epoxy with 
different volume fractions of GBMs. Together with UV-visible spectrophotometry, 
image-processing-assisted micro and macro photography were used to assess 
transparency of GBMs embedded in the matrices. The micro and macro photography 
methods developed were proven to be an alternative way of measuring light 
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transmittance of semi-transparent materials. It was found that there existed a linear 
relationship between light absorbance and a volume fraction of GBMs embedded in 
the same type of polymer matrices, provided that the nanocomposites of interest had 
the same thicknesses. This suggests that the GBM dispersion characteristics in the 
same type of polymer are similar and any possible change in crystal structure of 
polymer due to different volumetric contents of GBM does not have an effect on 
light transmittance of the matrices. The study also showed that same types of GBM 
could display different optical properties in different matrix materials. Results of this 
study were used in Chapter VI to develop a new microstructural characterisation 
technique for nanocomposites reinforced with graphene oxide flakes. 
5.1. Introduction 
Among its many outstanding physical properties, optical transparency of graphene is 
important for applications in electronic devices and transparent coatings [145]. 
Graphene and its derivatives, shortly GBMs, can provide strength, transparency and 
impermeability at the same time when used as a reinforcement material for 
nanocomposites [146]. Having tuneable optical properties, GBMs were shown to 
have a potential to be used in optoelectronic applications [147,148]. 
Optical contrast of multi-layer graphene alters with change in the number of layers, 
making it possible to determine a number of layers in a given sample [149]. 
According to Nair et al. [4], a single-layer pristine graphene  transmits 97.7% of 
white light and only 0.1% of it is reflected. Zhu et al. derived a formula that provides 
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a number of layers in a multi-layer graphene (MLG) based on its light transmittance 
and showed that white-light transmission through MLG depended only on the 
number of layers within the flake [150]. Kasry et al. indicated that a link between a 
layer number and transmission for graphene could obviously obey the Beer-Lambert 
law [151]. Due to inherent structural defects, GO can transmit more light than 
pristine graphene does. A study showed that 9 nm-thick GO sheets transmit 96% of 
light of 550 nm wavelength [96]. The same study reported that the light 
transmittance decreased after partial restoration of the structural defects with 
reductive treatments that produced reduced GO (rGO). 
Kim et al. manufactured transparent and gas-barrier GO/PVA nanocomposite films 
[152]. Transparent and electrically conductive rGO/Silica nanocomposites were 
reported by Watcharotone et al. [153]. Manufacturing methods of the 
nanocomposites, used in both studies, were based on solution mixing that led to 
formation of flakes aligned parallel to the plane of the films. This allowed the light 
beams to pass through the flakes almost orthogonally. Both studies reported that 
nanoparticles were uniformly distributed in the matrices and transparency of the 
nanocomposites reduced with increased GO content. Gan et al. [154] showed that 
same types of GBM nanoparticles with different geometries may induce different 
features of optical transmittance in polymers they are mixed with . All of these 
studies [152-154] used UV-visible spectrophotometers to measure optical properties 
of the nanocomposites. As yet, there is no study in literature that employs optical 
microscopy to characterise the optical properties. 
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In this chapter, optical properties of GBM sheets inside different matrix materials are 
researched. This study was planned as a preliminary analysis to enable an optical 
microstructural characterisation technique for GBM-based nanocomposites, which is 
presented in Chapter VI. GO/poly(vinyl alcohol) (GO/PVA), GO/sodium alginate 
(GO/SA) and GNP/epoxy nanocomposites with different volume fractions of 
nanofillers were used. All of the studied nanocomposites were manufactured with a 
type of solution-mixing method resulting in samples with GBM layers preferentially 
aligned parallel to the plane of the nanocomposites. A UV-visible spectrophotometer 
was used for GO/PVA and GNP/Epoxy nanocomposites. Optical microscopy (micro 
photography) and macro photography were also employed to assess their potential 
for measuring the optical properties of nanocomposites. It was found that optical 
transmittance at the green wavelength of 550 nm, obtained with the photography 
methods used for GO/PVA and GNP/epoxy nanocomposites, matched the values 
obtained using the spectrophotometer with an acceptable accuracy.  A relationship 
between the volume content and light absorbance of the GBMs was demonstrated. 
Absorbance per single GBM layer in different matrices is also discussed. 
5.2. Materials 
Three different types of GBM-based materials were analysed in this study. A film of 
pure SA and GO/SA nanocomposite films with GO volume fractions of 0.56% and 
1.4% were manufactured as reported by Ionita et al. [14]. Pure epoxy and 
GNP/epoxy nanocomposites with GNP volume fractions of 0.056% and 0.287% 
were kindly supplied by Professor Colak and Mr Acar (Yildiz Technical University, 
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Turkey); their manufacturing procedure is discussed in [155]. GO/PVA 
nanocomposite films with GO volume fractions of 0.066%, 0.198%, 0.464%, 0.663% 
and 1.33% were manufactured by Dr Ionita (Polytechnic University of Bucharest) as 
following. GO was purchased from the National Institute for Research and 
Development in Microtechnologies (Romania) and prepared following the Hummers 
method. PVA (130000 g/mole MW, +99% hydrolysed) was supplied by Sigma 
Aldrich. 1 wt% PVA pellets were added in portions to distilled water under constant 
stirring. Then, the polymer was dissolved by means of autoclaving at 120 °C for 60 
min. A volume of 50 ml of the obtained 1 wt% PVA solution was mixed with GO 
with various weights (0.0005, 0.0015, 0.0035, 0.005, 0.01 grams). The mixtures 
were subjected to ultrasound treatment for 60 min in an ice bath. This was performed 
using a VCX750 ultrasonic processor (Sonics & Materials, Inc.) equipped with a 
titanium-alloy (Ti-6Al-4V) probe tip and a 750 W power source operating at 
frequency of 20 kHz. The homogenized GO/PVA nanocomposite solutions were 
poured into transparent Petri dishes and let drying for 72 h at room temperature. The 
PVA film and GO/PVA nanocomposite films were manufactured in 100 µm 
thickness. The pure SA film and GO/SA nanocomposite films had a thickness of 50 
µm. Pure epoxy and GNP/epoxy nanocomposites were supplied in ~2.5 mm 
thickness. To allow visible light pass through the GNP/epoxy samples, they were 
thinned down to 720 µm. 
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5.3. Characterisation of Optical Properties 
The measurements of optical transmittance were first done using a UV-visible 
spectrophotometer, Hewlett Packard 8453. The pure PVA and epoxy films without 
any GBM inclusions were used as blank samples. The reason for using the pure 
matrix materials was to extract optical properties of GBMs inside these matrices, 
rather than those of the nanocomposites. Optical microscopy (OM) with narrow-
band filters was shown before to be suitable for obtaining optical transmittance of 
graphene[4]. In addition to the spectrophotometer, back-illuminated OM with a 
green-light filter was used in this study for the nanocomposites, which is a similar 
method used in [4] for graphene. The optical microscope used for GO/SA 
nanocomposites was LEICA DM6000 M with a built-in digital camera. It was GXM 
XTL3T101 Stereo Microscope for GO/PVA nanocomposites. Settings of the 
microscope cameras were kept the same for the same type of nanocomposites. Also, 
back-illuminated macro photography with the same green-light filter was used in this 
study. 
Micro and macro photographs of the nanocomposites were analysed with an in-
house image-processing script. In the macro photography, back-illumination was 
provided by a high-definition smartphone screen with a white-colour object (grey-
scale value of 255).  The green light filter (COMAR 550 IL50 T-FOY) with a 
wavelength band of 550±5 nm was placed on top of the screen, and the samples were 
positioned on top of the filter. A cardboard box that can house the setup was 
employed to prevent any other light coming onto the samples. A small opening, 
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through which a digital camera could be inserted, was made on top of the box. 
Shining parts of the camera that might cause reflection of the screen light were 
covered with black, non-reflective layers. The camera was placed on the hole as to 
see the sample underneath. Photographs were taken with manual ISO, diaphragm, 
and aperture settings of the camera. The same settings of the camera and the same 
level of brightness of the illumination screen were maintained for the same class of 
nanocomposites. The settings were chosen in a way that all the samples of the same 
type of composites could be recognised, i.e., neither invisible because of the strong 
light nor completely dark due to weak light.  The ISO value of the camera was kept 
at the minimum to get images with least noise. The macro photographs taken are 
presented in Figure  5-1.  
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Figure  5-1 Macro photographs of samples, depicted with volume fractions of GBM (images 
are around 5 mm x 5 mm). 
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Figure  5-2Average pixel value calculation script (APVal) algorithm 
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An in-house image-processing script, called APVal (see Figure  5-2 for algorithm of 
the script), was used to extract average green pixel values from the micro and macro 
photographs. As in the spectrophotometer, the pure polymer films were used as 
blank samples. The following formula was used to obtain optical transmittance 
properties of the samples from the photos: 
 %𝑇𝑇𝐺𝐺𝑚𝑚 = 𝑃𝑃𝑃𝑃𝑐𝑐𝑉𝑉𝑚𝑚𝑐𝑐𝑉𝑉𝑅𝑅𝑉𝑉𝑉𝑉𝑅𝑅 ∗ 100𝑃𝑃𝑃𝑃𝑐𝑐𝑉𝑉𝑝𝑝𝑝𝑝𝑚𝑚𝑅𝑅𝑚𝑚 , ( 5.1) 
where 𝑃𝑃𝑃𝑃  and 𝑇𝑇𝐺𝐺𝑚𝑚  stand for the average green pixel value and transmittance, 
respectively. Optical transmittance of the GO/PVA nanocomposite films was 
measured using the spectrophotometer, micro photography, and macro photography. 
In the used procedure the depth of the field of the used microscope lens covered the 
whole thickness of the films.  
5.3.1. Transmittance of GBMs in Nanocomposites 
The transmittance values obtained using the spectrophotometer in the visible- light 
range and those with the wavelength of 550 nm obtained with micro and macro 
photography are plotted in Figure  5-3. Discrepancy between the results was found to 
be less than 10% for the spectrophotometry measurements and 1% for the 
photography measurements. As can be seen in the figure, the values obtained with 
the micro and macro photography matched the results acquired with the 
spectrophotometer. 
 
 
Optical Characterisation of GBMS in Translucent Nanocomposites 
89 
 
Figure  5-3 Optical transmittance of GBM particles in GO/PVA nanocomposites, obtained 
with UV-visible spectrophotometry (continuous curves), macro photography (red markers), 
and micro photography (black markers) techniques. 
A similar analysis was carried out for the GNP/epoxy nanocomposites. However, 
micro photography could not be implemented for the GNP/epoxy samples since they 
were much thicker than the depth of the field of the used microscope lenses. 
Transmittance of the GNP nanoflakes inside GNP/epoxy nanocomposites are plotted 
in Figure  5-4. (Due to an error caused by the spectrophotometer in a wavelength 
range of 640 nm to 670 nm, as can be seen from Figure  5-3 for GO/PVA 
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nanocomposites, the curves were not plotted beyond 640 nm for GNP/epoxy 
nanocomposites as the error resulted in fluctuations between 640 nm and 670 nm). 
As in the case of GO/PVA, the alternative methods of transmittance measurement 
worked well for GNP/epoxy. Both figures show that optical transmittance of GBM 
particles decreased as their content increased in polymer matrices. Apparently, the 
micro and macro photography techniques implemented gave acceptable 
transmittance values at certain ranges for the studied nanocomposites. 
 
Figure  5-4 Optical transmittance of GBM particles in GNP/epoxy nanocomposites, obtained 
with UV-visible spectrophotometer (continuous curves) and macro photography (markers). 
Optical transmittance of GO flakes inside the SA matrix could not be obtained using 
the UV-visible spectra since only small volumes of nanocomposites were available. 
The aperture for the light beams of the spectrophotometer was larger than the 
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samples; this led to erroneous results. Therefore, these nanocomposites were tested 
with the micro and macro photography techniques only. The optical transmittance 
values at the wavelength of 550 nm are plotted in Figure  5-5. As can be seen from 
the obtained results, the transmittance values obtained with these methods match 
with a reasonable accuracy. 
 
Figure  5-5 Optical transmittance of GBM particles in GO/SA nanocomposites, obtained 
with micro and macro photography. 
5.3.2. Relationship between Light Absorbance and Volume Fraction of 
GBM Flakes in Matrices 
A relationship between light absorbance and volume fraction of GBM flakes in the 
polymer matrices at the wavelength of 550 nm was also researched. The 
transmittance values were converted into absorbance magnitudes using a    2 −
𝑙𝑙𝑙𝑙𝑙𝑙(%𝑇𝑇𝐺𝐺𝑚𝑚)  link. Since the transmittance values obtained with different methods 
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were close to each other, the absorbance curves were plotted based on the data from 
one method. For GO/SA and GO/PVA, the data from the micro photography were 
used. The macro photography was employed for GNP/epoxy as the micro 
photography was not suitable for it.  As the thickness magnitudes for three different 
classes of nanocomposites were not the same, obtained results were not plotted in the 
same absorbance-GBM volume fraction graph. As can be seen in Figure  5-6, 
Figure  5-7, and Figure  5-8, there is an almost-linear relationship between the volume 
fraction of the GBM flakes in the used polymers and their absorption values. This 
character of relationship means that dispersion of the GBMs inside the polymer  
matrix obeyed the Beer-Lambert law, implying a similar dispersion characteristic of 
GBM within the same class of nanocomposites. Importantly, to conclude that any 
possible change in microstructure of polymer with different GBM contents would 
have no effect on light transmittance of the nanocomposites. 
 
Figure  5-6 Light absorption by GBM particles as function of their volume fraction in PVA 
matrix 
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It is known that the solution mixing methods that are also employed to manufacture 
the nanocomposites used in this study lead to dispersion of nanoflakes mostly 
parallel to the moulding plane. Also, the absorption-volume fraction relations 
showed that the absorption increased linearly with the increase in the GBM volume 
content. From these, it can be deduced that the number of GBMs in the pathway of 
the light, i.e. through the thickness of the nanocomposites, changed linearly with the 
change of the volume fraction (This may not apply to much thinner films; the 
minimum sample thickness used in this study was 50 µm). As a result, curves for 
absorption as a function of a number of GBM layers in different matrices could be 
plotted. A notion “equivalent number of GBM layers” was introduced to plot all the 
curves in a single graph as shown in Figure  5-9. When calculating the equivalent 
number of GBM layers (ENL), the layers were assumed to stretch through the entire 
width of the nanocomposites and parallel to their plane. To calculate ENL, the 
following equation was used: 
 𝐸𝐸𝐸𝐸𝐸𝐸 = 𝑣𝑣𝑓𝑓∗𝑉𝑉𝑛𝑛𝑛𝑛
𝑉𝑉𝐺𝐺𝐺𝐺𝐺𝐺
, ( 5.2) 
where 𝑣𝑣𝑣𝑣  is the volume fraction of GBMs in each nanocomposite, 𝑡𝑡𝑛𝑛𝑐𝑐  is the 
thickness of the nanocomposites and 𝑡𝑡𝐺𝐺𝐺𝐺𝐺𝐺 is the thickness of the GBM layer. The 
calculated results in Figure  5-9 demonstrate that the same type of GBMs used in 
different matrices might have a different absorption feature. Several reasons can be 
suggested to explain this result. First, dispersion characteristics, that may be different 
in different matrices, can affect the absorption. While GBMs can have an 
intercalated morphology in some matrices, they can disperse differently with stacked 
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or exfoliated morphology in some other matrices, as argued in Chapter-II. Second, a 
chemical structure of GO changes with the covalent bonds established with matrices; 
it means that different matrices might have caused different chemical structures with 
GO. Third, Van der Waals interaction between graphene and the matrix can alter the 
optical properties of graphene. Stauber et al. showed a significance of interlayer 
interaction for optical properties of graphene.[156] Also, it is known that electron 
structure of graphene affects its light-absorption property.  
 
 
Figure  5-7 Light absorption by GBM particles as function of their volume fraction in SA 
matrix 
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Figure  5-8 Light absorption by GBM particles as function of their volume fraction in epoxy 
matrix. 
 
 
Figure  5-9 Absorption values as function of equivalent numbers of GBM layers through the 
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Van-der-Waals interaction between graphene-like substances and polymer has an 
effect on the electron structure [157,158]. Therefore, a change in the electron 
structure of nanoflakes caused by such interactions with the matrix is assumed to be 
another reason. Fourth, as reported by Ni et al. [159], a strain of graphene may 
change as a result of interaction with a substance in contact: This strain change also 
affects optical properties of graphene. Therefore, it can be suggested that any 
residual strain on the GBMs potentially induced by the manufacture of the 
nanocomposites could change the absorption properties of the GBM flakes inside the 
matrix. 
5.4. Conclusion 
In summary, this study demonstrated that micro and macro photography can be used 
as a suitable way to evaluate optical properties of GBM-nanocomposites. Linear 
correlation between light absorption and a volume fraction of GBM particles in 
transparent matrix media was found. This implies that dispersion characteristics of 
polymers with different concentrations of GBMs in the same matrix are similar. Any 
possible change in a microstructure of the polymer related to different concentration 
of GBMs does not affect the light transmittance of the nanocomposites. It was also 
demonstrated that the same type of GBM might have different optical properties in 
different matrices. The results obtained in this study were used in development of a 
microstructural characterisation technique in Chapter VI.  
 
 
Microscale Structural Study of GBM-Reinforced Nanocomposites 
97 
CHAPTER VI 
6. Microscale Structural Study of GBM-
Reinforced Nanocomposites 
Being reinforced with nano-sized particles, the internal structure of nanocomposites 
is usually characterised at nanoscales. Previous studies showed that nanocomposites, 
including those reinforced with GBMs, can sometimes exhibit microscale structural 
features due to non-uniform dispersion of their reinforcements. Dispersion 
uniformity of reinforcement is one of the factors that determine mechanical 
performance of the composites. Therefore, a microscale structural analysis of GBM 
nanocomposites would contribute to the understanding of structure-property 
relationships of these materials. 
Optical microscopy of GO/SA nanocomposites demonstrated randomly dispersed 
structural features with high optical contrast through the thickness of the samples. 
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This was not the case for a different type of nanocomposite, GO/PVA. A cross-
sectional view of the samples revealed that the observed contrast (different levels of 
brightness) was due to non-uniform dispersion of GBM flakes through thickness of 
the nanocomposite. In order to better understand this contrast, GO/SA and GO/PVA 
nanocomposites were comparatively studied with optical microscopy (OM) and 
depth-sensing indentation tests. Results of this comparative study supported the idea 
that the contrast was indeed caused by non-uniform dispersion of GBMs in a three-
dimensional space. While the two-dimensional micrographs directly provided 
information about a planar dispersion of the features, their optical contrast yielded 
details about their through-thickness dispersion (density) in the samples. This 
preliminary analysis revealed that OM could be used to characterise spatial 
dispersion of translucent fillers in a three-dimensional space of translucent 
composites. 
Various quantitative techniques can be performed based on micrographs to analyse a 
spatial dispersion of fillers in 2D. However, none of them accounts for through-
thickness dispersion simultaneously with planar dispersions. Therefore, a method 
that could allow three-dimensional (planar and through-thickness) characterisation of 
microstructures of translucent composites is proposed in this chapter. The method is 
named MICOTCOM that stands for “microstructural characterisation of translucent 
composites with optical microscopy”. It uses optical properties of the fillers that are 
embedded in translucent matrices. Implementation of a link between local volume 
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fractions of the fillers and pixel levels of OM images is a key component of the 
method. 
In order to study the effect of microscale structural features on mechanical behaviour 
of the nanocomposites reinforced with GO flakes, the suggested method was 
primarily applied alongside finite-element (FE) models. Results of FE simulations 
were compared with those of tensile experiments reported in Section- 3.3.1. A 
statistical analysis of the microstructures based on the MICOTCOM method was 
also performed to assess feasibility of the suggested method in analytical description 
of micromechanical models for nanocomposites. 
6.1. Introduction 
Spatial dispersion of GBMs in nanocomposites is usually monitored at nanoscale due 
to their nanometre dimensions. Scanning electron microscopy (SEM), transmission 
electron microscopy (TEM), atomic force microscopy (AFM), Raman spectroscopy 
(RS), X-ray diffraction (XRD) and energy dispersive X-ray spectroscopy (EDS) are 
among the techniques frequently used to obtain data about microstructure of 
nanocomposites. Electron-microscopy techniques were reported to be mostly 
employed for microstructural characterisation of nanocomposites [160]. They 
provide in-depth details about the microstructure as shown in Chapter III. Their main 
disadvantages are high costs and laborious preparation of samples. The RS technique 
can be used to provide information about an exfoliation state of graphene in 
nanocomposites [70]. It was also shown that the technique could be used to quantify 
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spatial orientation of GBMs in nanocomposites [161]. XRD is a relatively 
straightforward method to implement; however, it gives only limited information 
about the microstructure, such as exfoliation state of nanoplates [162]. The AFM 
technique was shown to yield some information about a crystal structure of 
nanocomposites; however, it could not resolve for GBMs [163]. Dispersion of 
GBMs can also be revealed using elemental mapping techniques such as EDS [164]. 
EDS systems can be integrated into EPMA (electron probe micro-analyser), SEM, 
TEM or STEM (scanning TEM) instruments. EDS systems in TEM and STEM 
provide elemental mapping with high spatial resolution (2 nm to 100 nm) compared 
to those in SEM and EPMA, which give resolution in the order of few micrometres 
[165]. Rashad et al. [164] performed mapping of GBMs (based on carbon atoms of 
GBMs) in aluminium matrix using an EDS system in SEM. As thickness of the used 
GBMs ranged between 5 and 15 nm, some of them could not be resolved in their 
study. Therefore, although EDS provides some hints regarding the microstructure of 
the nanocomposite, it cannot resolve for its true microstructure. 
Microstructural assessment of GBM-nanocomposites can also be performed at 
microscales with optical microscopes. A level of homogeneity of GBM dispersions 
in nanocomposite suspensions was qualitatively analysed by Yue et al. from OM 
images [166]. Dispersion states of GBMs, self-aligned or random, in an epoxy 
system can be deduced with polarized OM [167]. As OM is a relatively cost-
effective technique and requires less effort for sample preparation, it could be an 
alternative to the nanoscale techniques discussed in the previous paragraph. 
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Quantitative analyses were also performed on images obtained from with optical 
microscopes. Willmow et al. [168] proposed a quantitative description (namely 
“dispersion index”) to compare dispersion states of nanofillers. Ryszkowska [169] 
investigated an effect of manufacturing parameters on dispersion of nanofillers in 
matrices by quantifying agglomerate sizes. Glaskova et al. [170] applied a dispersion 
parameter, based on a relative agglomeration size, to evaluate dispersion efficiency 
of fillers in nanocomposites. Influence of spatial dispersion of fillers on effective 
properties was researched by scientists either with micromechanical or numerical 
models, along with experimental assessments. A level of heterogeneity of filler’s 
spatial distributions can be incorporated into micromechanical models to observe its 
effect on the overall stiffness of composites [171]. Peng et al. studied effect of non-
uniformity levels of nanoparticles on mechanical properties of composites using 
finite-element modelling technique [172]. Although there are numerous studies in 
literature that implement optical microscopy and finite-element method for 
microstructural characterisation and modelling of the nanocomposites, respectively, 
to the best of this author’s knowledge, there has been no study that directly 
implements optical microscopy for finite-element modelling of microstructure of the 
nanocomposites. 
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Figure  6-1 OM images of GO/SA (0.56 vol% of GO) nanocomposite: (a) top (planar) view; 
(b) side (cross-sectional) view. The images were taken at 200x magnification. A schematic 
nanocomposite sample is shown in (c). 
As mentioned in Section  3.2.2.2, GO/SA nanocomposite samples prepared for the 
tensile tests were observed with an optical microscope prior to the tests to check for 
any flaws on their cut edges. Different illumination schemes available in the 
microscope were employed during these checks. When a transmitted-light 
illumination was put on, some features with different levels of brightness on the top 
(planar) view of the samples was noticed.(see Figure  6-1(a)). As the nano-size GO 
dispersion was not expected to be seen at magnification of 200x, this brightness 
difference was first ascribed to micro-size defects such as voids. However, when the 
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same sample was observed from a side (cross-section) view under the optical 
microscope (Figure  6-1 (b)), it was found that GO flakes were dispersed with 
varying densities through the thickness. 
 
Figure  6-2 OM images of pure SA (a, d), 0.56 vol% GO/SA (b, e) and 1.4 vol% GO/SA (c, 
f) at magnifications of 50x (a, b, c) and 200x (d, e, f). 
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The dispersion with varying densities caused appearance of features with different 
levels of brightness in the planar view. These features were not observed for pure SA 
films, but in the GO/SA nanocomposite films, at different levels of magnifications 
(Figure  6-2). Some features that appear on pure SA (Figure  6-2 (a) and (d)) are 
caused by surface contaminants. Compared to the features caused by GO flakes in 
the nanocomposites, contaminants appear much less prominent, as can be seen at 
higher magnifications (Figure  6-2 (d)). 
The micrograph of 0.56 vol% GO/SA in Figure  6-2 (b) was partitioned into four 
domains, and one of the domains again partitioned into another four domains. This 
process was performed until it was revealed visually that different domains might 
have different levels of heterogeneity (see Figure  6-3). From this preliminary 
observation and qualitative assessment, it was understood that micrographs of some 
nanocomposites obtained with OM cannot always be treated in a way that there are 
two phases seen in plane of the nanocomposites, as was performed in some past 
studies like [168,169]. Rather, as the micrographs in Figure  6-1, Figure  6-2, and 
Figure  6-3 show, dispersion of nanoflakes like GO can result in different densities 
and randomness levels across the matrix. 
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Figure  6-3 Repetitive partitioning of micrograph into sub domains. 
Depth-sensing indentation (nanoindentation or microindetation) tests can be used to 
assess levels of hardness and Young’s modulus of the materials. They can also be 
used to analyse variations in the spatial distribution of the properties of a composite 
[173]. In this study, microindentation tests were conducted on GO/PVA and GO/SA 
nanocomposites with the same volume fractions of GO to monitor variations in the 
spatial distribution of local mechanical properties. 
The current literature presents no approach capable to analyse quantitatively the 
discussed microstructures. A method of microstructural characterisation of 
translucent composites with optical microscopy (MICOTCOM) could be used to 
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assess dispersion of fillers in a three-dimensional space. In order to analyse the effect 
of spatial dispersion of GO flakes on mechanical behaviour of the nanocomposites, it 
is essential to develop such a quantitative method of microstructural analysis. 
MICOTCOM produces microstructures from the micrographs of nanocomposites. In 
this chapter, following development of MICOTCOM, the effect of non-uniform 
dispersion of GO flakes on mechanical behaviour of the nanocomposites was studied 
with FE models of their microstructures. Statistical analyses on the microstructures 
were also implemented to assess the applicability of MICOTCOM to 
micromechanical modelling of nanocomposites. 
6.2. Experimental Details 
6.2.1. Optical Microscopy 
Optical properties of GBMs in different matrices were characterised in Chapter V. 
One of the characterisation tools used was optical microscopy. A correlation between 
the volume fraction and light absorbance of GBMs in nanocomposites was obtained. 
Using this correlation, one can find the volume fraction of GBMs in a 
nanocomposite through digital image processing of the micrographs obtained with 
an optical microscope. 
An optical microscope (LEICA DM6000 M) with a built-in digital camera was used 
in this study. The microscope had two light axes, incident and transmitted. The latter 
was chosen for illumination of the samples. Manual settings for illumination level 
(brightness), aperture diaphragm and field diaphragm were available. The 
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microscope was equipped with magnifications of 5, 10, 20, 50, and 100. Only the 5x 
objective was used as it provided a depth of field large enough for the thickness of 
the samples. The depth of field of the objectives with larger magnifications had 
larger numerical aperture (NA) values, providing higher resolution but, at the same 
time, a smaller depth of field. 
Resolution, or lateral resolution, in OM is described as level of details between two 
points in the plane normal to optical axis of the microscope. It is formulated as 
 
𝑟𝑟𝑟𝑟𝑟𝑟𝑙𝑙𝑙𝑙𝑟𝑟𝑡𝑡𝑟𝑟𝑙𝑙𝑟𝑟 = 𝜆𝜆2 ∗ 𝐸𝐸𝑁𝑁, ( 6.1) 
where λ is the wavelength of light, which was 550 nm in this study due to the filter 
used. 
The depth of field, also called axial resolution, is defined as a distance between the 
farthest and nearest points in focus on the optical axis. The formula for depth of field 
(according to Leica Microsystems®) is: 
 
𝑑𝑑𝑓𝑓𝑉𝑉𝑅𝑅𝑝𝑝𝑚𝑚 = 𝑟𝑟 ∗ [ 𝜆𝜆2 ∗ 𝐸𝐸𝑁𝑁2 + 340 µ𝑚𝑚𝐸𝐸𝑁𝑁 ∗ 𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇 𝑉𝑉𝑉𝑉𝑉𝑉], ( 6.2) 
where n is the refractive index of the medium between the objective lens and the 
sample, and MTOT VIS is total visual magnification of the microscope. Since the 
medium was air, n = 1.0. In the compound microscopes, like the one used in this 
study, the magnification is achieved at two stages. An eyepiece with 10x 
magnification magnifies the image projected by the objective into the tube of the 
microscope. In this case, MTOT VIS= 50 with a 5x objective. 
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The NA of the 5x objective used was 0.15. The wavelength (λ) of the light coming to 
the samples was 550 nm, which was provided by a green-light filter (COMAR 550 
IL50 T-FOY). Therefore, the resolution and the depth of field of the images formed 
were 1.83 µm and 57.6 µm, respectively. Results of AFM and TEM studies reported 
in Chapter III showed that GO flakes used in the SA matrices had a planar dimension 
of around 2 µm, which is larger than the resolution obtained with the microscope 
with the 5x objective. However, since the purpose of this microscale structural 
analysis was not to visualise individual nanoflakes but to assess the contrast caused 
by their heterogeneous dispersion, the lateral resolution of 1.83 µm was not an issue. 
Thickness of the nanocomposite samples was 50 µm, which fits well within the 
depth of field of 57.6 µm provided with the 5x objective. 
As the samples were in the form of films, they were not perfectly flat when not fixed 
by any means. The film samples should stay flat to provide a good-quality view with 
the optical microscope. To achieve this, the samples were glued onto a glass slide (or 
microscope slide). Small drops of glue were put on the glass slide followed by 
placement of the samples on the drops. A non-adhesive paper was placed on top of 
the samples before placing a heavy block of metal on top of the paper to spread the 
glue drops evenly by compressing. Two pieces of thin metals were placed at the 
sides of the glass slide. These allowed the metal block to press evenly on the films to 
achieve uniform thickness of the glue between the sample and glass. 
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Figure  6-4 Comparison of details in same domains of four different images (on the left-hand 
side are the original images, on the right-hand side are the details enlarged to visualise the 
features clearly; white scales show the coordinate change of the sample in x direction). 
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Flatness of the sample in the field of view and uniformity of light intensity are 
important factors to take into account in the method of MICOTCOM. Therefore, 
both qualitative and quantitative image analyses that assess the impact of these 
factors were conducted on one of 0.56 vol% GO/SA samples. By moving the stage 
of the microscope only in x direction, and keeping y- and z-direction fixed, four 
images at different x-coordinates of the sample were acquired using the same setup 
of the microscope. Frames of the same area from each image were acquired and 
compared with each other. No visible difference, such as feature relocations, was 
observed for the details shown in Figure  6-4. Also, colour histograms of the detail 
images that are shown in Figure  6-4 were obtained using GIMP 2.8 (GNU Image 
Manipulation Program, free graphics editor software). As can be seen from the 
histograms (Figure  6-5), the images are almost identical in terms of colour-value 
distribution statistics. The mean colour levels of the images obtained were 144.0, 
152.2, 152.8, and 152.6 for the detail images in Figure  6-4 (a), (b), (c), and (d), 
respectively. The reason for a 5.4% lower mean colour value of the first detail image, 
extracted from the very edge of the main image, was due to slightly lower light 
density at the edges of the microscope images. This difference of 5.4% in the mean 
colour level was considered negligible. 
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The GO/PVA nanocomposites were also monitored with the optical microscopy 
(Figure  6-6) employing the similar procedures applied to the GO/SA 
nanocomposites. Unlike GO/SA, the GO/PVA nanocomposites did not indicate 
structural features with high optical contrast. This was attributed to a uniform spatial 
dispersion of GO flakes at microscale in the PVA matrix. In order to investigate 
whether the contrast, which was observed in GO/SA nanocomposites but not in 
GO/PVA, was really caused by the non-uniform dispersion of the nanoflakes, a 
micro-indentation study was performed. 
 
Figure  6-5 Colour histograms with mean colour values of the detail images that are 
shown in the previous figure 
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Figure  6-6 OM images of GO/PVA (0.56 vol% of GO) nanocomposite: (a) top (planar) 
view; (b) side (cross-sectional) view. The images were taken at 200x magnification. A 
schematic nanocomposite sample is shown in (c). 
6.2.2. Depth-sensing Indentation Tests 
Microindetation tests were performed with NanoTest Platform manufactured by 
Micro Materials Ltd (Figure  6-7(a)). Samples (PVA and SA nanocomposites with 
0.56 and 1.4 vol% GO) were attached to a microscope slide with a stiff glue 
(Figure  6-7(b)). The gluing process was carried out similar to the one described in 
Section  6.2.1 for OM. The slide was mounted onto a sample holder of the 
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instrument; a Vickers indenter was used in the experiments. Indentations were 
produced in a displacement-control mode of the machine.  
The purpose of the indentation tests in this study was not to obtain the Young’s 
moduli of the nanocomposites, but to resolve the spatial non-uniformity of the local 
mechanical properties and, thus, the microstructure. Therefore, a usual rule of the 
maximum indentation depth of 10 % of sample thickness was not followed. The 
maximum possible indentation depth was chosen so that the instrument could sense 
the effect of more GO flakes through the thickness of the samples. The glue layer 
and the glass would not have an effect in these measurements as they had no 
inclusions and had got a homogeneous microstructure at microscale, which was 
observed with the optical microscope at high magnification. The maximum 
indentation depth that could be obtained with the instrument was ~30 µm. 
Considering the safety of the instrument, a lower depth was chosen. Ten indents with 
a depth of ~25 µm were performed for each sample. 
Results of the tests were plotted in load-displacement curves (Figure  6-8 and 
Figure  6-9). When two sets of tests are compared, it is seen that response of the 
GO/PVA nanocomposites to indentation deformation is more consistent than that of 
the GO/SA nanocomposites. This analysis supports the finding from the OM 
analyses that dispersion of the GO flakes in the SA-based nanocomposites was non-
uniform at microscale while it was uniform in the PVA-based nanocomposites. 
Therefore, it can be concluded that OM can be used for characterisation of 
microscale structural features of GBM-reinforced nanocomposites. 
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Figure  6-7 (a) Depth-sensing indentation instrument used for microindentation tests; (b) 
sample setup prepared for tests. 
 
 
Figure  6-8 Load-displacement curves of 0.56 vol% GO/SA nanocomposites 
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Figure  6-9 Load-displacement curves of 0.56 vol% GO/PVA nanocomposites 
6.2.3. Characterisation of Spatial Distribution of GO flakes in 
Nanocomposites  
Analysis of optical properties in Chapter V and preliminary OM studies in 
conjunction with the indentation tests in this chapter showed that OM could be used 
to implement a three-dimensional microstructural characterisation of GBM-
reinforced nanocomposites. Based on the previous analyses, main steps of 
MICOTCOM method are described in Figure  6-10. The procedure has three main 
stages: sample preparation, visualisation, and optical property analysis (A schematic 
of the visualisation stage of the procedure is given in Figure  6-11.). In the last step of 
the procedure, pixels are assigned to a volume fraction of fillers based on their green 
level and the optical property analysis, related to a microscale structure of the 
composite. 
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Figure  6-10 Main steps of proposed MICOTCOM method 
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Figure  6-11 A schematic of  visualisation stage of MICOTCOM method 
Following the procedure described, images for each of the three samples (pure SA, 
0.56 vol% GO/SA and 1.4 vol% GO/SA) were obtained (Figure  6-12). As shown in 
Section  6.3, assignment of filler volume fractions to the pixels was performed during 
construction of FE models and statistical analysis of the microstructures. 
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Figure  6-12 OM images of pure SA (a), 0.56 vol% GO/SA (b) and 1.4 vol% GO/S (c), taken 
with MICOTCOM method (the scale bar is 500 µm) 
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6.3. Effect of Spatial Distribution of GO flakes on 
Mechanical Behaviour of Nanocomposites 
Silberschmidt [174] analysed the effect of randomness of reinforcements on effective 
mechanical properties of composites employing various approaches. The study 
showed that randomness of spatial distribution of reinforcements depends on a 
length scale of microstructures (window size). The FE and statistical analyses in this 
section were therefore carried out at different length scales of the microstructures. 
A relationship between the microscale structure and mechanical behaviour of GO/SA 
nanocomposites was studied with finite-element and statistical analyses; the same 
parameters were investigated in both analyses. Resolution optimisation, length scale 
and spatial distribution analyses were performed. Results of the statistical analysis 
were found comparable to those of the finite-element analysis. 
6.3.1. Finite-element Analysis 
FE models of the nanocomposites were created based on OM images that are given 
in Section  6.2.3. The images were first processed employing the in-house script 
named PiCo (see Figure  6-13 for algorithm of the script). PiCo obtains coordinates 
of each pixel in the images, classifies them based on their green value, creates a pixel 
coordinate data (pcd) in the form of a two-dimensional list, and writes it in a .dat file. 
Each inner list inside the pcd contains coordinates of the same-level pixels. Pixel 
levels are not explicitly given in the pcd list. However, the pixel levels are known 
from the item number of the inner list. For example, the 128th inner list (pcd[128]) 
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gives coordinates of pixels that have a level of 128. PiCo also returns resolution of 
the image in a .txt file. Afterwards, another in-house script named FEOM (see 
Figure  6-14 for algorithm of the script) was run within MSC Marc® software to 
create an FE model of the nanocomposite. FEOM reads the output files generated by 
PiCo and uses them as some of parameters in creation of the model. The thickness of 
samples (thi), the pixel size (psize), the average green value of pure polymer 
(PVmatrix), correlation between the volume fraction and absorption (cbvfa) are the 
other input parameters to FEOM. 
FEOM automatises generation of the FE models and speeds up application of the 
method. Using the following equation  
 
𝑙𝑙𝑣𝑣𝑣𝑣 = 𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝑐𝑐 × [2 − log � 𝑟𝑟 × 100
𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑉𝑉𝑚𝑚𝑉𝑉𝑚𝑚
�] ( 6.3) 
in FEOM, 256 different local volume fractions of fillers were calculated based on 
256 different consecutive green levels (0 - 255), cbvfa, and PVmatrix parameters. The 
parameter cbvfa was obtained from the curves discussed in Section  5.3.2. PVmatrix, 
which is described in Section  5.3, gives a blank-sample parameter. For each of the 
local volume fractions, material properties (the Young’s modulus and Poisson’s 
ratio) were calculated using the Voigt’s approach of the Rule of Mixtures (RoM) 
(see Equation ( 3.1). The nanoflakes were assumed to be continuous through the area 
covered by a pixel. Therefore, the RoM approximation could be suitable for 
predicting the local material properties. Each material property was named with a 
relevant volume fraction (vf) value, such as mt_vf_1.3381, where 1.3381 is the 
volume fraction (in%) of fillers. An FE mesh identical to resolution of the image was 
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created (Figure  6-15 (a) and (b)). Elements were grouped based on their green levels, 
and each group was stored in element sets which were given names that included 
corresponding vf value. Then, each set of elements was assigned the matching 
material properties (Figure  6-15 ). 
 
Figure  6-13 Pixel coordinate finding script (PiCo) algorithm 
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Figure  6-14 Algorithm of finite-element modelling script based on optical microscopy 
images (FEOM) 
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Elements were initially created with a length of 1 unit. They were scaled to their 
original sizes based on psize parameter. A four-noded plane stress element (Element 
3) was used in the FE models. Elements were assigned thickness (thi parameter). 
Boundary conditions were applied to simulate the uniaxial tensile test (see 
Figure  6-15 (c)). Nodes at the left-hand side edge of the model were fixed in x and z 
directions. To avoid free-body motion of the model, two bottom corner nodes were 
fixed in y direction. A fixed displacement was applied the model through a single 
node linked to the nodes at the left-hand-side edge of the model. In Chapter III, the 
tensile test results showed that elastic deformation of SA and GO/SA samples 
occurred within a strain of 0.01. Therefore, maximum displacement applied was a 
hundredth of the length of the FE model. 
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Figure  6-15 Schematic description of creating FE model from OM image of GBM-
reinforced nanocomposite; (a) OM image taken with narrow-band green-light filter; (b) FE 
mesh created based on optical properties and image of nanocomposite; (c) FE model with 
boundary conditions applied. 
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Following the procedure described above, the FE models of the SA nanocomposites 
reinforced with 0.56 vol% and 1.4 vol% GO were created and analysed. Reference 
OM images had a resolution of 2560 x 1820 (~4.7 million pixels). They were 
cropped to get a square image with a resolution of 1820 x 1820. After the images 
were processed using PiCo, the FEOM script was run on the FE software. Due to a 
very high number of elements -more than 3.3 million- construction of each model 
lasted longer than a day on a computer with a 4-core 3.40 GHz processor and 16 GB 
memory. Size of pixels in the original images was calculated to be 1.08 µm. A 
resolution-effect study showed that the FE models created based on images with a 
pixel size of 4.32 µm provided results with reasonable accuracy (see 
Section  6.3.1.1). Therefore, the resolution of the images was reduced by a factor of 
four, making 455 x 455 (see Figure  6-16 (a) and (c)). The parameters that were used 
as input in the FEOM are given in Table  6-1. 
Table  6-1 Microstructural and optical parameters used in generation of FE models of 
GO/SA nanocomposites 
Parameters Values 
cbvfa 1.2048 
PVmatrix 206.425 
thi (µm) 50 
psize (µm) 4.32 
Image resolution  455 x 455 
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Distributions of elastic strains (Figure  6-16 (b) and (d)) and elastic stresses 
(Figure  6-17) were obtained from the simulations. The strain distributions show that 
areas with high GO concentration deformed less (see detail images in Figure  6-16). 
Equivalent of elastic stress distributions are shown in Figure  6-17. It is observed that 
stresses are more concentrated on GO-rich areas and stress bridging occurs between 
the GO-rich areas along the direction of tensile loading. As in the case of strain 
distributions, stress distributions are non-uniform, that is caused by heterogeneous 
dispersion of the reinforcements. Stress-strain curves, obtained from post-processing 
of the FE analyses, are plotted in Figure  6-18 alongside elastic range of the 
experimental results that are presented in Section  3.3.1. From the curves, effective 
Young’s moduli of 0.56 and 1.4 vol% GO/SA nanocomposites were obtained as 5.6 
GPa and 6.9 GPa, respectively. These values are equal to what was found for the 
same materials using Voigt’s RoM approach (see Figure  3-9). The FE models 
discussed were expected to produce lower elastic moduli values due to that they 
accounted for the non-uniform distribution of the nanofillers. The reason behind this 
result is researched in the following sub-sections through analysis of 0.56 vol% 
GO/SA nanocomposites. Effects of length scale and filler spatial distribution is 
studied after finding an optimum resolution for the digital images. All the FE models 
discussed in the following subsections were created and analysed based on the 
methodology described in this section. 
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Figure  6-16 OM images of nanocomposites ((a) for 0.56 vol% GO/SA and (c) for 1.4 vol% 
GO/SA) and corresponding elastic strain distribution results obtained from the FE analyses 
after 1% extension in x direction. Detail images chosen from identical areas are shown for 
better comparison. 
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Figure  6-17 Stress distribution (MPa) in GO/SA nanocomposites (0.56 vol% (a), 1.4 vol% 
(b)) subjected to tensile displacement of a hundredth of their length in x direction. 
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Figure  6-18 Elastic range stress-strain behaviour of the nanocomposites obtained from the 
simulations and the experiments. 
6.3.1.1. Resolution effect 
Since the microstructural analysis method suggested in this chapter employs digital 
images, image resolution becomes an important parameter to take into account. As 
encountered in Section  6.3.1, FE models of the GO/SA nanocomposites based on 
their original OM images may take very long time to create. Resolution of images 
can be reduced in such cases to overcome the problems with computation time. 
However, microstructural details should not be compromised when doing so. To 
obtain an optimum image resolution, this section analyses its effect on the overall 
mechanical behaviour of the nanocomposites.  
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Figure  6-19 Image resizing script (ImResize) algorithm 
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A small frame with resolution of (52 x 52) from Figure  6-16 (a) was cropped (see 
Figure  6-20 (a)). Using an in-house script, called ImResize (see Figure  6-19  for 
algorithm of the script), resolution of Figure  6-20 (a) was reduced by factors of 2, 4, 
8, and 16 and saved as new images with resolutions (26 x 26), (13 x 13), (6 x 6) and 
(3 x 3) (given in the image names), respectively. Pixel sizes of the new images were 
calculated as 2.16, 4.32, 8.64 and 17.28 µm, respectively. FE models were created 
based on the original image and the low-resolution images. Meshes of the FE models 
that were created based on the low-resolution images were refined to equalize them 
to the mesh of the FE model that was created based on the original image. 
Strain and stress distributions for the models are presented in Figure  6-20 and 
Figure  6-21. Stress-strain behaviour of the models was effectively identical 
(Figure  6-21 (a)). However, the distributions of stresses and strains were observed to 
change with the change in the resolution. Contour plots of the stresses and strains 
remained similar up to the pixel size of 4.32 µm; therefore, this image resolution was 
chosen for microstructural analysis of the nanocomposites in this work. 
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Figure  6-20 (a) Small-frame OM image of 0.56 vol% GO/SA nanocomposite. Strain 
distributions in nanocomposite FE models created based on images with different pixel size: 
(b)1.08 µm (original pixel size); (c)2.16 µm; (d)4.32 µm; (e)8.64 µm; (f)17.28 µm 
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Figure  6-21 (a) Stress-strain behaviour of nanocomposites obtained from models with 
different pixel sizes; (b) stress distributions in nanocomposite FE models that were  created 
based on images with different pixel size: (b)1.08 µm (original pixel size); (c)2.16 µm; 
(d)4.32 µm; (e)8.64 µm; (f)17.28 µm 
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6.3.1.2. Effects of length scale and spatial distribution  
Mechanical properties of materials are known to be sensitive to length scale (or 
window size) of their microstructure [175]. Therefore, FE studies based on the OM 
images with different length scales were performed in order to study the length-scale 
effect. The OM image of 0.56 vol% GO/SA nanocomposite was cropped down to 
smaller frames with edge lengths of 950, 475, 238, 117, and 56 µm. Images with the 
GO volume fraction of ~0.56 were chosen for each length scales and FE models 
were created based on these images. Not only stress-strain behaviour of the models 
was identical (see Figure  6-22), but also the minimum and maximum stress values 
were the same - ~53 and ~60 MPa, respectively, for all the length scales. This 
demonstrated that the effective mechanical properties of the nanocomposite analysed 
were not sensitive to length scale of its microscale structure. 
As can be seen in Figure  6-3, spatial distribution of GO particles in the SA matrix 
was non-uniform; this was true for both planar and through-thickness distributions of 
the particles. The through-thickness non-uniform dispersion manifested as non-
uniform brightness of dark features, which represented GO-rich areas. Non-
uniformity of particle spatial distributions is known to influence macroscopic 
mechanical behaviour of composites [176]. In order to reveal the effect of spatial 
distribution of GO particles in the SA matrix, FE models were created based on the 
OM images of the 0.56 vol% GO/SA nanocomposite. Four different OM images 
with volume fractions of GO ranging between 0.54% and 0.58% were chosen from 
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each length scale. The images were converted to grey-scale ones to show more 
clearly the non-uniformity (see Figure  6-23). 
 
Figure  6-22 Stress-strain behaviour of 0.56 vol% GO/SA nanocomposite at different length 
scales of microstructure. 
FE models based on the images in Figure  6-23 were created and analysed. Effective 
elastic moduli of the models were found to be almost identical - ~5.6 GPa - for all 
the models. However, stress distributions were observed to vary for different 
micrographs. This difference became more obvious with a decreasing length scale. 
Magnitudes of relative standard deviation (RSD) of stress distributions were 
calculated, and they are plotted as a curve for each length scales (see Figure  6-24). 
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Figure  6-23 Four different gray-scale image frames at different length scales obtained from 
OM image of 0.56 vol% GO/SA nanocomposite. 
This study showed that length scale and particle spatial distribution of the GO/SA 
nanocomposite did not have any impact on its effective Young’s modulus. Stress 
distributions were observed to be influenced albeit minimally by non-uniformity of 
GO dispersions. 
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Figure  6-24 Relative standard deviation (RSD) of stress distributions for different OM 
images at different length scales (windows size; for image identities see Figure  6-23) 
A reason behind this small effect was analysed by means of artificially generated 
four different microstructures (Figure  6-25 (a)). GO and SA mixtures are found in 
orange-coloured domains, while pink colour represents SA-only areas. First, the 
nominal GO volume fraction of 0.56 was applied in the models, and the resultant 
Young’s moduli were calculated. It was found that the Young’s modulus of the 
nanocomposites, that was obtained as 5.6 GPa from the FE analysis based on 
analysis of the actual OM images, decreased to ~5.3 GPa in the artificially generated 
microstructures. This is ascribed to relatively higher variation in distribution of local 
volume fractions in artificially generated microstructures. Even though the Young’s 
moduli values decreased with the increase in variation of local volume fraction 
variation, they were still not affected by non-uniform planar dispersion of the 
particles. The microstructures were further loaded with higher volume fraction of 
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GO particles, making it 5.6 vol% GO/SA. The Young’s moduli of the models were 
then observed to vary with different planar arrangement of the particles. It is 
understood from these analyses that variation of local volume fraction of GO was not 
large enough to influence effective mechanical properties of the nanocomposites. 
 
Figure  6-25 (a) Artificial microstructures for GO/SA nanocomposites; (b) effect of 
microstructures on Young’s modulus of nanocomposites with different volume fractions of 
GO. 
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6.3.2. Statistical Analysis 
The effect of microstructure on mechanical performance of composites can be 
studied analytically, as well as numerically. A statistical analysis of the 
microstructure can yield parameters for the analytical models, which could allow a 
more accurate description of material behaviour. In this section, the effects of length 
scale and spatial distribution are analysed statistically to study capability of the 
MICOTCOM method in implementation of statistical analyses. Results of the 
analysis are compared with those of the numerical study in the previous section. 
As discussed in the FE analysis section, an optimum resolution should be chosen for 
the micrographs, so that computational costs could be minimised. As shown in 
Figure  6-26, a small window of image was cropped from an original micrograph of 
0.56 vol% GO/SA. Using the ImResize script, resolution of the small image was 
reduced by factors of 2, 4, 8, and 16, yielding pixel edge sizes (pes) of 2.16, 4.32, 
8.64 and 17.28 µm, respectively. When these images are compared with each other, 
it can be easily seen that the microstructural features do not degenerate notably for 
pes of 2.16 and 4.32 µm. Beyond 4.32 µm, microstructural features degenerate 
significantly with the increasing pixel edge size. This qualitative analysis also 
complied with the results of numerical analyses presented in Section  6.3.1.1. 
Therefore, it can be concluded that such a qualitative analysis for resolution 
optimisation can be safely performed on OM images of GBM-nanocomposites. The 
statistical analysis was performed after the resolution of the original image was 
reduced by a factor of 4. 
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Figure  6-26 Comparison of images at different resolutions. The images belong to the same 
window, obtained from the original micrograph of the 0.56 vol% GO/SA nanocomposite. 
The pixel edge size (pes) is shown on top of each image. 
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A full-size micrograph shown in Figure  6-26 was subdivided into square windows, 
with sizes changing from one subdivision to another. The volume fraction for each 
window was calculated based on light transmittance (see Section  5.3.1) of the 
microstructure in the windows and parameter cbvfa that is defined in Section  6.3.1. 
Distributions of the volume fraction of GO flakes for different windows sizes were 
plotted as histograms (see Figure  6-27). Variation of volume fraction was observed 
to increase with decrease in the window size. Bounds for the volume-fraction 
distribution were also plotted (see Figure  6-27). Convergence of the bounds was 
observed to start at the windows size of 238 µm. The bounds diverge with decreasing 
window size; however, this divergence appeared to be small, ranging only from 0.48% 
to 0.66 %. 
In order to analyse spatial distribution of GO flakes at different length scales, 
magnitudes of RSD of local volume fractions of the fillers were calculated; 
micrographs shown in Figure  6-23 were used in these analyses. Each of these 
micrographs had almost the same volume fractions of GO fillers. Volume fractions 
of the fillers in every pixel of the micrographs were calculated for all of the 
micrographs in Figure  6-23 and density distributions of the volume fraction were 
plotted as histograms. RSD of the volume fractions were calculated from these 
histograms. The RSD values for different micrographs for various window sizes are 
plotted in Figure  6-28. Apparently, the variation of the RSD increases with 
decreasing windows size. A very similar variation was observed for RSD for stress 
distributions on the same micrographs. 
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Figure  6-27 Distribution of volume fraction of GO flakes at different length scales (window 
sizes) 
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Figure  6-28  Relative standard deviation (RSD) of local volume fraction distributions of GO 
fillers for different OM images at different length scales. 
6.4. Conclusion 
Transmitted light optical microscopy was shown to be a suitable instrument for 
microscale structural characterisation of GO-reinforced nanocomposites. Depth-
sensing indentation tests showed that local mechanical properties of the 
nanocomposites were influenced by non-uniform dispersion of GO fillers. 
The effect of non-uniform dispersion of GO flakes on mechanical behaviour of 
nanocomposites was analysed based on microscale structure of the nanocomposites. 
The microstructures of the nanocomposites were obtained through a newly 
developed method (MICOTCOM) employing transmitted light optical microscopy. 
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Finite-element models based on the microstructures were created to simulate elastic-
range mechanical behaviour of the materials (see a flowchart of FE modelling 
strategy in Figure  6-29). FE analysis results yielded Young’s moduli values that did 
not go above the theoretical upper limits for the nanocomposites (Section  6.3.1). 
Therefore, the MICOTCOM method was considered reliable. 
 
Figure  6-29 Flowchart of FE modelling strategy developped for translucent composites 
reinforced with translucent fillers 
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The obtained results showed that microscale non-uniformity of GO dispersion in the 
SA-matrix nanocomposites did not have a significant impact on their mechanical 
properties of the nanocomposites. The reason behind this small effect was explained 
following an FE analyses of artificial microstructures of the nanocomposites. It was 
concluded that the level of non-uniformity was not large enough to affect effective 
elastic moduli of the actual nanocomposites. Stress and strain distributions were 
observed to be affected by the non-uniform distributions. Based on these results, it 
can be concluded that the microstructural analysis and the FE modelling strategy 
developed in this chapter can be used to analyse deformation and failure 
characteristics of GBM-reinforced nanocomposites with microstructural features. 
Statistical analyses of the microstructures were also performed on the 
microstructures constructed with MICOTCOM. The length scale was shown to affect 
the level of spatial distribution of the fillers. An agreement was observed between 
the level of spatial distribution of the fillers in the nanocomposites and the level of 
stress distributions in their microstructures. This shows applicability of the suggested 
MICOTCOM method for statistical analysis of microstructure of the GBM-
reinforced nanocomposites, which can further be implemented into micromechanical 
models of the nanocomposites. 
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CHAPTER VII 
7. Conclusions 
Microstructural features of nanocomposites with sodium alginate (SA) matrix and 
graphene oxide (GO) fillers were researched and their effects on stiffness of the 
nanocomposites were analysed in this work. Microstructural features of a composite 
is a result of manufacturing process applied as well as type of constituent of the 
composite. Therefore, a literature survey on manufacturing methods of graphene-
based materials (GBMs) and nanocomposites reinforced with GBMs were conducted 
and presented with an emphasis on effect of the methods on microstructural features 
of the nanocomposites. GO/SA nanocomposites were the main materials used in this 
research. Mechanical properties of the nanocomposites were characterised with 
quasi-static tensile tests. Nanoscopic structural features of the nanocomposites were 
imaged with transmission electron microscopy (TEM). Effect of the Nanoscopic 
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structural features on stiffness of the nanocomposites were assessed through adjusted 
micromechanical models. For the first time in literature, the effect of various 
parameters of intercalated nanoflakes and potential measurement errors of their 
geometrical features on effective properties of nanocomposites is quantified for 
matrices with various stiffness values, which demonstrates a need for account of 
some of parameters in adjusted micromechanical models. Orientation distributions of 
GO flakes were obtained from the TEM images through Nonwovens Anisotropy V1 
software. Statistical analyses on the distributions were implemented for creation of 
representative volume elements (RVEs) of the nanocomposites. Finite-element 
simulations on the RVEs were done to observe the effect of orientation distribution 
of the nanoflakes on stiffness of the nanocomposites. Optical characterisation of 
GBM-reinforced nanocomposites was performed to analyse light transmittance 
properties of GBMs in nanocomposites. This study laid a foundation for microscopic 
structural characterisation of GO/SA nanocomposites. Also in this study, a novel 
method was developed for characterisation of optical properties of translucent 
composites. Microscopic structural characterisation of the nanocomposites was 
carried out through a novel method developed for translucent composites. Finite-
element models of the microstructures were created through a procedure that 
implements the new method of structural characterisation. Tensile test simulations 
were performed on the models in order to investigate effect of the microscopic 
structural features on stiffness of the nanocomposites. Using the method suggested, 
statistical analysis of the microstructures was also performed.  
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Based on the results obtained from the analyses performed in this project, it can be 
concluded that: 
 Higher GO concentrations in SA matrices increases stiffness of the 
nanocomposites while reducing their toughness. 
 A state of exfoliation of the nanoflakes influences stiffness of the 
nanocomposites more than orientation distribution of the nanoflakes does. 
  Microscale spatial distribution of the nanoflakes does not have any influence 
on stiffness of the nanocomposites. 
 Micromechanical models must account for exfoliation state of the nanoflakes 
to avoid wrong prediction of mechanical properties. 
 Misalignment of nanoflakes reduces the performance of nanocomposites. 
 Digital cameras can be used to characterise optical properties of GBM-
reinforced nanocomposites. 
 Transmitted light optical microscopy can be used to characterise microscale 
structures of translucent composites. 
 GBM-reinforced nanocomposites can be structurally characterised at 
microscales as well as at nanoscales. 
 Microscale stress and strain distributions on translucent nanocomposites 
reinforced with nanoflakes can be analysed using the method suggested in 
this thesis. 
 Finite-element method can be used to analyse nanoscale and microscale 
structural behaviour of GBM-reinforced nanocomposites. 
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7.1. Outcomes 
The main outcomes of this study are as follows: 
 Degree of influence of microstructural parameters on stiffness of GO/SA 
nanocomposites is revealed with this study. In this respect, the study can 
serve research and development works for manufacturing efficient 
nanocomposites reinforced with GBMs. 
 Adjustment of micromechanical models according to morphology of 
nanoflakes is crucial for accurate predictions of effective properties of 
nanocomposites with matrix stiffness of less than 10 GPa. The diagrams of 
changes in stiffness of the nanocomposites obtained in this study for various 
parameters can help to decide the suitability of the micromechanical models 
for their prediction of the stiffness. 
 A practical optical characterisation method that can be an alternative to 
spectrophotometers is introduced. It can reduce the costs of optical 
characterisation process and use visible light in micromechanical assessment 
of translucent composites. 
 A novel method for microstructural characterisation of translucent 
composites through optical microscopy, which is named MICOTCOM, is 
developed. Implemented into numerical methods, it can help analyse 
mechanical behaviour of such composites. 
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7.2. Limitations and Future Work 
The research presented in this thesis about GBM-reinforced nanocomposites is a 
contribution to the scientific knowledge with the outcomes summarised in the 
previous section. Microstructural features of GBM-nanocomposites were 
characterised and their effect on Young’s modulus of the nanocomposites were 
researched in this PhD work. These microstructural features include morphological 
states, orientation distributions, and spatial distributions of the GBMs. Wrinkling of 
the GBMs after dispersion in nanocomposites were not taken into account in this 
study.  
The type of nanocomposites studied in this project was limited to those with GO 
fillers and SA matrix. Those with graphite nanoplates (GNPs), PVA and epoxy 
matrix were also studied. But they were addressed only in optical characterisation 
stage of the project. Therefore, the MICOTCOM method presented in this thesis can 
be extended to nanocomposites with other types of GBMs and different translucent 
matrices. The MICOTCOM method developed in this thesis can only be applied for 
composites that can transmit visible light. 
Finite-element models created in this work were simulated only in the elastic range 
of the materials’ mechanical behaviour. In future studies, plastic deformation 
behaviours of the nanocomposites will be studied through the similar approaches 
described in the thesis. Deformations in microstructure of the nanocomposites will 
be monitored through an optical microscope on stage of which a stretcher device is 
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mounted. This rig will allow real-time assessment of accuracy of finite-element 
models in simulating elastoplastic deformation behaviour of the nanocomposites. 
 
Figure  7-1 FE models with different orientation and volume fraction of reinforcements 
Also, a study to find the link between average orientation and effective properties of 
GBM-nanocomposites will be carried out. A parametric finite-element modelling 
approach will be followed in this study. The parameters will include volume fraction 
and average orientation of fillers, properties of constituent materials and dimensions 
of the models. Some FE models from a preliminary work are shown in Figure  7-1. 
Results of such study are expected to produce a constant that can be implemented 
into micromechanical models to account for orientation of nanoflakes, so that more 
precise prediction of effective properties can be done. 
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